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EXECUTIVE SUMMARY

Overview

The signatories
of the 1987 Chesapeake Bay

Agreement pledged to manage the Chesapeake Bay

as an integrated ecosystem To that end goals
and

commitments were established for living resources

and water quality as well as population growth and

development public information education and

participation public access and governance
The

living resources and water quality goals of the 1987

Bay Agreement are as follows

provide for the restoration and
protection

of the

living resources their habitats and ecological

relationships and

reduce and control point
and nonpoint sources

of pollution to attain the water quality
condition

necessary to support the living resources of the

Bay

In support of these goals the Chesapeake Executive

Council CEC made commitments to develop and

adopt guidelines
for the protection

of water quality

and habitat conditions necessary to support the

living resources found in the Chesapeake Bay

system and to use these guidelines in the

implementation of water quality and habitat

protection programs and to achieve by the year

2000 at least a 40 percent reduction of nitrogen
and

phosphorus entering
the mainstem of Chesapeake

Bay The signatories
also agreed to reevaluate the

40 percent
reduction target

based on the results of

modeling research monitoring and other

information

One tool which has been developed to address the

Bay Agreement commitments is the timevariable

water quality model which predicts
the effects of

particular
nutrient load reduction scenarios on water

quality
Additional tools include this report

Chesapeake Bay Dissolved Oxygen Goal for Restoration

o
f

Living Resource Habitats and the companion

document Chesapeake Bay Submerged Aquatic

Vegetation Habitat Requirements and Restoration Targets

A Technical Synthesis Batiuk e
t

al 1992 These

syntheses are intended to

_ establish living
resourcesbased water quality

goals to be used in evaluating model

simulation results

_ provide a firm ecological basis for the

reevaluation of the Baywide Nutrient Reduction

Strategy CEC 1988a

_ provide guidelines
that can be used in the

implementation of water quality and habitat

protection programs and

u establish firmer connections between living

resources and restoration of water quality

The target
concentrations of the dissolved oxygen

restoration goal in this report are not meant to be

enforceable standards for either wastewater

discharge permitting or other types of regulatory

activities A state may pursue adoption of these goals

as water quality
standards using the appropriate

administrative process

The Report

Section I provides an introduction including

background on the need for developing this

document report objectives
and a brief summary of

characteristics of dissolved oxygen in Chesapeake

Bay The aquatic
animals and plants

which make up

the Bay ecosystem require
dissolved oxygen for

respiration Monitoring data indicates that many

areas of the Bay experience sudden or persistent

declines in dissolved oxygen which can adversely

affect living resources Low dissolved oxygen

reduces available habitat for all but a few species

and may cause stress and mortality in immobile

species
which are unable to avoid the unsuitable

conditions A major tenet of the Chesapeake Bay

Program is that restoring dissolved oxygen to such

areas will provide substantial habitat benefits

Sections I
I and III in this document establish and

defend a dissolved oxygen restoration goal for

Chesapeake Bay based on extensive analysis
and

evaluation of research data Dissolved oxygen

tolerance information was compiled and interpreted

for the 14 target species of fish molluscs and

crustaceans reported in Habitat Requirements for

Chesapeake Bay Living Resources Funderburk et al

1991 as well as information published for other

benthic and planktonic species and key

investigations recently completed



bottom habitat and volumes of water are predicted
to meet or exceed the

applicable target
concentrations of dissolved oxygen For

interpretive
purposes the following table defines measures for
reaching decisions about

suitability unsuitability and
marginality of habitat

Habitat

Condition
Percentage of Tme Areas
Meet

Target Concentrations

Suitable 90100
Marginal 5090
Unsuitable Less than 50

Suitable or acceptable habitat provides
satisfactory

conditions for survival growth and reproduction of
living resources within the

constraints imposed bythe formation of density layers Marginal habitat
provides increased

opportunities for establishment of
benthic invertebrates and foraging by bottom

feedingfish Unsuitable habitat is inhospitable to all but the
most tolerant of

living resources We note that what

is considered acceptable habitat for this purpose isnot
necessarily fully supportive of living resources

requirements for dissolved oxygen The
uncertainties

in the
analysis and natural

variability of the Bayenvironment compel a more flexible view of habitat
suitability than would be dictated by biological
considerations alone

Nutrient reduction scenario results are compared to
the base case ie

existing conditions model
scenario results

using this
interpretive method The

percent of bottom area or water volume in which
habitat

quality improves from unsuitable to marginalor from marginal to suitable appears to be the most
convenient means of

evaluating the
living resources

benefits for a particular scenario relative to base caseor other scenarios

This
interpretive scheme was

developed for the
particular needs of

reevaluating the Nutrient
Reduction

Strategy There are other ways to applythe
target concentrations of the

Chesapeake BayDissolved Oxygen Goal for Restoration of LivingResource Habitats to
monitoring data and to model

output Work to develop other
applications isongoing
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The Chesapeake Bay Dissolved Oxygen Goal for

Restoration

o
f Living Resource Habitats is

to provide for sufficient dissolved oxygen to support survival growth and reproduction o
f

anadromous estuarine and marine fish and invertebrates in Chesapeake Bay and its tidal

tributaries

b
y achieving to the greatest spatial and temporal extent possible the following four

target
concentrations

o
f dissolved oxygen and

b
y maintaining the existing minimum

concentration

o
f dissolved oxygen in areas

o
f

Chesapeake Bay and its tidal tributaries where

dissolved oxygen concentrations are above the recommended targets

TARGET DO TIME AND
CONCENTRATIONS LOCATION

D© 10 mgL ALL TIMES EVERYWHERE

10 mgL < Do •30 mgL FOR NO LONGER THAN 12 HOURS
INTERVAL BETWEEN EXCURSIONS AT

LEAST 48 HOURS EVERYWHERE

MONTHLY MEAN DO •iS0 MGL ALL TIMES THROUGHOUT
ABOVEPYCNOCLINE WATERS

DO 50 mgL ALL TIMES THROUGHOUT
ABOVEPYCNOCLINE WATERS IN

SPAWNING REACHES SPAWNING RIVERS

AND NURSERY AREAS

The pycnocline is

the portion of the water column where density changes rapidly because of salinity and temperature

The target concentrations are based on patterns

which emerge from examining the best available

information Although a large body of data exists

there remain extensive gaps in our knowledge and

therefore best professional judgement was exercised

in making decisions about the precise values of the

target concentrations As research continues in this

area especially on the effects of exposure to

fluctuating
concentrations of Do revision of the

target concentrations may be appropriate Appendix
A contains details of the literature cited in this

synthesis

Section IV provides applications of the Goal and

target concentrations to monitoring and modeling

information Linkages are developed relating

complex variability in environmental oxygen

concentrations to data from the semimonthly

ii

Baywide monitoring program and seasona

averaged output from the Chesapeake Bay tin

variable water quality model This section expla

the relationships developed and how to use them

evaluate
present

and
projected dissolved oxy•

conditions in the Bay and its tributaries Appendi
contains further details of the statistical apprw
used in this analysis

Interpretation

With these tools we can evaluate achievement of i

target concentrations for any model cell

monitoring station However for simplicity

presentation on a Baywide basis it was necessary

develop an aggregation scheme Comparison
habitat benefits among nutrient reduction scenar

are based on the percentages of time that areas



I INTRODUCTION

Background
The living resources goal of the 1987 Chesapeake Bay

Agreement is to provide for the restoration and

protection of the living resources their habitats and

ecological relationships In support of this goal the

Chesapeake Executive Council CEC made acommitmentto develop and adopt guidelines for the

protection of water quality
and habitat conditions

necessary to support the living resources found in

the Chesapeake Bay system and to use these

guidelines in the implementation of water quality

and habitat
protection programs

Habitat Requirements for Chesapeake Buy Living

Resources CEC 1988b was published in January 1988

in response to this commitment Thirty target species

were selected from a list o€160 representative species

and species complexes to represent either directly or

through food chain associations the Bayscommerciallyrecreationally
and

ecologically important

species of fish shellfish submerged aquatic

vegetation and wildlife Although this document

was a good start towards defining the conditions

necessary to provide suitable habitats for the Bays

living resources the information was neither

complete nor presented in such a way that it could

be used directly in the implementation of water

quality restoration programs

An extensive revision of the original habitat

requirements report was completed by a team of

scientists who are experts on each of the
targetspeciesThe

objectives
of the revised habitatrequirementsdocument Funderburk e

t al 1991 were

to compile all of the available information on habitat

requirements of the designated Chesapeake Bay

target species and to synthesize this information in

ways that would make it directly useful in water

quality management programs Habitat requirements

for dissolved oxygen Do identified in Funderburk

et al 1991 provided the
starting point

for the

development of the Do restoration goal

The 1987 Chesapeake Bay Agreement also committed

the signatories to achieve by the year 2000 at least

a 40 percent reduction of nitrogen and phosphorus

entering
the mainstem of Chesapeake Bay and to

reevaluate the 40 percent reduction target based on

the results of modeling research monitoring and

other information The nutrient reductioncommitmentwas based upon the results of asummeraveragedsteadystate water quality model that

predicted marginal increases in deep water DO inresponseto a 40 percent reduction in nitrogen and

phosphorus loads to the Bay As a part of theprocessof reevaluating the nutrient reduction goal

habitat requirements for nutrients Batiuk et al 1992
and DO this report have been synthesized These

syntheses are intended to 1 establish
livingresourcesbasedwater quality goals to be used in

evaluating model simulation results 2 provide a

firm ecological
basis for the reevaluation of theBaywide

Nutrient Reduction Strategy CEC 1988a 3
provide guidelines that can be used in theimplementation

of water quality
and habitat protection

programs and 4 establish firmer connections

between living resources and restoration of water

quality

Dissolved oxygen is a major factor
affecting

the

survival distribution and productivity of living

resources in Chesapeake Bay Much of the deep

water of the mainstem Chesapeake Bay becomes

anoxic during summer months and is therefore

nearly devoid of animal life Many Chesapeake Bay
tributaries experience both episodic and persistent

oxygen depletion in summer that results in

significant stress to living resources Modelprojectionswhich led to the current nutrient reduction

strategy
for the Bay indicated that reductions in

nutrient inputs would result in increaseddeeptroughDO that would benefit the Bays living

resources However neither tributaries other areas

of the mainstem Bay nor the
specific Do

requirements of living resources were given

consideration at the time because of the relatively

low resolution of the steadystate water quality

model and the limited information available on

habitat requirements

Objectives of this Report

1 Establish a restoration goal for DO with target

concentrations sufficient to protect
the survival growth

and reproduction o
f the Bays living resources

All of the aquatic animals among the Chesapeake

Bay target species ten species of fish blue crabs

and three molluscs require DO for respiration So do

the benthic and
planktonic animals and plants which

form the food base for the target species The
target

species together with additional representative

benthic species of fish and invertebrates for which

DO tolerance information was reviewed Saksena and

Joseph 1972 Holland et al 1989 Stickle et al 1989

Stickle 1991 Houde 1991 Miller and Poucher 1991



1992 Breitburg 1992a 1992b represent
a wide range

of habitats life history patterns and tolerances to

low Do Therefore habitat restoration goals designed

to protect
the survival growth and reproduction of

these species
should be sufficient to protect

other

species
and by extension the Bays aquaticecosystemfrom harm caused by inadequate concentrations

of DO All of the information on DO tolerances lethal

sublethal long term and short term contained in

Funderburk e
t al 1991 and supplementary

references Appendix A has been combined and

evaluated to develop the Do restoration goal The

target
concentrations of the DO Goal in this report are

not meant to be enforceable standards for either

wastewater discharge permitting or other types
of

regulatory
activities A state may pursue adoption of

these target
concentrations as water quality

standards using the appropriate
administrative

process

2 Provide a basis fur evaluating water quality
model

results

The DO restoration goal presented here will be used

to assist in evaluating the results of nutrient load

reduction scenarios modeled as a part of the

reevaluation of the Baywide Nutrient Reduction

Strategy CEC 1988a The threedimensionaltimevariablewater quality
model of the Bay projects

concentrations of DO for nine segments averaged

from projections
for thousands of model cells in

three depth layers
and four seasons based upon

varying amounts timing and geographicaldistributions
of nitrogen and phosphorus

loads delivered

to the Bay and its tributaries Sufficientconcentrations
of DO to protect living resources will be an

important consideration in evaluating options for

nutrient reduction

3 Ensure that the baywide Do restoration goal is

reasonable with respect to natural processes

The restoration goal includes target Doconcentrationswith limits to the duration and frequency of

reoccurrence which reflect living
resourcestolerances

to low DO In order to make these

requirementscomparable
with results from the

Chesapeake Bay timevariable water quality model

and to ensure that the target requirements are

physically
reasonable water quality

data from the

Chesapeake Bay Monitoring Program andmeasurementsmade in greater temporal detail by other

sampling programs
have been analyzed extensively

In Section IV we compare the Do target

concentrations to monitoring data from several areas

of the Bay present
a hypothetical

demonstration of

how improvements
in DO might translate intofulfillment

of the habitat goal and describe methods for

evaluating timevariable model results in comparison

to the target
concentrations

Characteristics of Dissolved Oxygen in Chesapeake

Bay
To understand how the goalsetting decisions were

reached and the process
for making the restoration

goal
useful for evaluating model results it is

necessary to know something of the complexdynamics
of DO in the Bay The following paragraphs

provide a brief overview For detailed information on

Do processes
in Chesapeake Bay see Mackiernan

1987 and Smith et al 1992

Dissolved oxygen
in natural waters has two major

sources 1 atmospheric oxygen
which diffuses into

the water at the surface and 2 oxygen
which is

produced by plants chiefly freefloating microscopic

plants or phytoplankton during photosynthesis

Animals plants
and bacteria consume Do byrespiration

Oxygen is also consumed bychemical processes

eg sulfide oxidation nitrification Depletion of DO

has harmful effects on animals and can stimulate

production
of hydrogen sulfide and ammonia and

the release of heavy metals and phosphate frombottom
sediments

The amount of oxygen
dissolved in water changes as

a function of temperature salinity atmospheric

pressure and biological
and chemical processes The

equilibrium or saturated concentration of Do in

natural waters ranges from about 6 to 14 parts per

million or mgL The higher the temperature and

salinity
the lower the equilibrium DO concentration

Biological processes
such as respiration

and

photosynthesis
can affectthe concentration of Do

faster than new equilibrium can be reached with the

atmosphere As a result for relatively short periods

of time or under conditions of reduced mixing DO

concentrations can be driven far above or reduced

well below saturation Dissolved oxygen can

decrease to near zero anoxia especially in deep or

stratified bodies of water or increase as high as

about 20 mgL supersaturation in dense algal

blooms

There are seasonal considerations as well Low DO in

Chesapeake Bay is mostly associated with deep

water during the warm months MaySeptember

when the water column is stratified into density

layers
with cool salty water at the bottom and



warm fresher water near the surface The bottom

layer becomes oxygendepleted because the oxygen

consumed by respiration and chemical oxidation

cannot be replaced through diffusion of atmospheric

oxygen and there is insufficient
light to support

photosynthetic production of oxygen Some
parts of

the Bay can become anoxic for periods of days or

weeks during midsummer

In summer very low DO can also occur for shorter

periods of time a few hours to a few days in

shallow water In these cases Do is depleted by the

decay of large amounts of organic matter perhaps

due to
respiring or dying algae blooms or from

wastewater discharges Deep water low in oxygen

can also be moved into shallow areas by winds

Episodes of strong winds can transport literally

slosh water with extremely low oxygen content

across the Bay bottom up and into the habitat of

shallowwater dwelling living resources While

strong winds persist low oxygen waters may remain

in the shallows for 40 hours or more During these

times inshore species are continuously exposed to

stressful or lifethreatening conditions This sloshing

of deep water is sometimes so extreme that anoxic

waters move almost to the shoreline During the

resulting jubilees or crab wars blue crabs and

fish congregate at the waters edge attempting to

find sufficient oxygen to stay
alive Van Heukelem

1991

In the spring striped bass white perch shad

herring and yellow perch spawn far up the Bays
tributaries The eggs and larvae of these species are

quite sensitive to low Do and could be threatened by
even moderate Do depletion associated with algal

blooms or wastewater discharges In the fall and

winter DO depletion is uncommon and the most

sensitive life
stages

of the
target species generally are

not present

3



II PROCEDURES FOR ESTABLISHING A
BAYWIDE DISSOLVED OXYGEN RESTORATION GOAL

oecause of the natural fluctuations of Do and the

varied ability of the
target species to tolerate less

than desirable concentrations habitat requirements
for Do cannot be stated as a single criticalconcentrationThe sensitivity of each species to low Dodependsupon life stage temperature salinity duration

of exposure and perhaps other stress factors eg
contaminants in addition to the absolute

concentration of Do Some species are more tolerant

of low DO than others For example adult
oysters

and clams can survive anoxia for days although
growth and reproduction may be impaired whereas

shorter exposures to moderately low DO below
about 3 mgL can severely affect the survival and

development of fish eggs and larvae

By selecting conditions acceptable for thereproductiongrowth and survival of a
variety of sensitive

species habitat requirements can be established that

will also
protect the Bays other living resourcesDisSPECIES

60 50 40
BLUE CRAB

HARD CLAM

S5FTSM4ELL CLAM

OYSTER

BAY ANCHOVY

MENHADEN
SPOT

YELLOW PERCH

WHITE PERCH

STRIPED BASS

ALEWFE

BLUEBACK HERRING

AMERICAN SHAD

HICKORY SHA® SUITABLE

NILE

solved oxygen tolerance information was compiled
and interpreted for the 14

target species of fish

molluscs and crustaceans reported in Funderburk e
t

al 1991 as well as information reported for other

benthic and planktonic species Appendix A

Some of the information on the effects of low no on
Chesapeake Bay species was essentially anecdotal or
otherwise of limited usefulness eg in somereferencesthe duration of exposure was not reported
Information on longterm and sublethal effects of

low DO eg reduced growth and reproductive

potential was scarce the majority of studies having
focused on survival thresholds

Variability within

and among studies sometimes limited
interpretation

of results to a range of responses to low DO for some
species When the data are tabulated in a complete
matrix of critical Do concentrations for various life

stages of the target species Figure II1 there are

30 20 10 0s
T

`ai5

AE

NWE

T

AE

NILI

AE

NILE

NIL

c3C•z

AE

NILE

T 1

OGS

N1LF

AL

NILE
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EsCS

vENJLE
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I I
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tNFORMATIOtN

Figure l11 Effects of low dissolved oxygen on target species sum marizedfrom Habitat Requirements for Chesapeake Bay Living Resources1991 Revised Edition Funderburk et at 1991 Note does not account for temperature salinity dissolved oxygen interactions Appendix A

5



many gaps Ideally there would be sufficient data

available to fully
understand the effects of low DO

concentrations on each target species as a function of

life stage duration of exposure temperature salinity

and significant biological consequences egmortalityreduced growth and reproduction

There was however enough consistency in the

results across the spectrum of target species
to

identify certain patterns
of responses For example

DO concentrations between zero and near 10 mgL
were lethal to all target species

that had been tested

at these concentrations with the exception of some

molluscs and to most of the benthic species

considered Another pattern
which became apparent

was the lack of observed deleterious effects on target

species
to DO above 50 mgL

The initial approach for developing the Dorestoration
goal presumed that DO requirements would vary

for different parts
of the Bay and for each season

because of the different distributions and tolerances

of the target species
and the seasonal occurrence of

critical life stages However Do habitat requirements

for the target species eg blue crabs and bay

anchovies that are distributed throughout the tidal

waters of the Bay represent
the needs of many of the

target species except for the eggs larvae andjuveniles
of anadromous fish This outcome has made the

task of developing a DO goal for restoration of living

resources habitats more straightforward I
t does not

however preclude regional approaches tomanagementof water quality
When the targetconcentrations

are compared to existing water quality and to

the results of model projections
there willundoubtedlybe regional differences in the current attainment

of the targets and the nutrient load reductions

needed to meet them in the future



III CHESAPEAKE BAY DISSOLVED OXYGEN RESTORATION GOAL

Basis for the Target Dissolved OxygenConcentrations
Four target concentrations of Do were identified as

necessary to provide sufficient habitat for the

survival growth and reproduction of the Bays living

resources These DO targets
and the rationale for

their establishment are outlined below

Decisions about the
precise concentrations of DO

durations and
frequencies

included elements of

professional judgement because of the lack of

complete information on biological effects of low Do
However it should be clear from the information

presented in Figure II1 and Appendix A that the

recommended concentrations and time scales are

reasonable and within the ranges dictated by the

available data We also considered the natural

fluctuations of Do and the strong effect on DO of

uncontrollable physical processes
in the Bay in

evaluating whether the recommended DO target

concentrations were reasonable as management goals

Section IV As a result some of the targetconcentrations
are defined separately for abovepycnocline

waters

Below the DO target concentrations are defined

accompanied by selected summaries of the literature

on species tolerances that was reviewed for

development of the DO target concentrations

Appendix A Illustrations of tolerances are given

with emphasis on the most widely distributed

species Box 1 and biological effects which are likely

to be limiting to these species At the end of this

Section the
target

concentrations are consolidated

into a Chesapeake Bay Dissolved Oxygen Goal for

Restoration of Living Resource Habitats

A The following target concentration applies to all waters

o
f

Chesapeake Bay and its tidal tributaries at all times 10

mgL Do

Exposures to Do below 0510 mgL have been

found lethal during some life stage to all of the

target species for which this exposure information is

available except for the molluscs Figure II1 Most
benthic species also succumb to Do below 0510
mgL eventually although a number of benthic

species
survive anoxia for extended periods Holland

et al 1989 Adult soft shell clams can survive near

anoxic conditions for up to 7 days McCarthy 1969
and adult eastern oysters

have survived exposure to

DO <10 mgL for up to 5 days Sparks et al 1958
However 50 of eastern

oyster larvae 82 µm died

Target species

Shellfish

blue crab

eastern oyster
hard clam

soft shell clam

Caflinectes sapidus

Crassostrea virginica

Mercenaria mercenana

Mya arenaria

Flnflsh

alewife

American shad

bay anchovy
blueback herring

hickory shad

menhaden

spot

striped bass

white perch

yellow perch

Flnflsh

naked goby
skilletfish

striped blenny
winter flounder

Invertebrates

amphipod
bahic isopod

copepod

ctenophore

grass shrimp
mud crab

sand shrimp

sea nettle

Alosa pseudoharengus
Alosa sapidissima

Anchoa mitchilli

Alosa aestivalis

Alosa medioc is

Brevoortia tyrannus
Leiostomus xanthurus

Mourne saxatilis

Morone amerlcana
Percy flavescens

Other species

BOX 1

Goblosoma Bose
Gobiesox strumosus

Chasmodes bosquianus

Pseudopleuronectes americanus

ampeliscidae

Idotea baltica

Acadia tonsa

Mnemlopsis leidyi

Palaemonetes pugio P vulgaris

Eurypanopeus depressus

Crangon septemspinosa
Chrysaora qulnquecirrha

after 11 hours of exposure to anoxia at 220°C and 12

ppt salinity Widdows e
t al 1989 Temperature has

a critical role in tolerance to low DO concentrations

Adult
oysters

held at 10 20 and 30 ppt salinity had

LT values days of exposure to anoxia causing 50
mortality of 28 days at 10°C 1820 days at 20°C and

38 days at 30°C Stickle et al 1989

Several short term lethal values of Do 119 hours for

target species fall within the range of 0310 mgL
The 6hour LC5€1 foradult blue crabs at 2830°C is 03

mgL Carpenter and Cargo 1957 Concentrations of

DO below 05 mgL are lethal to adult blue crabs in

43 hours at 25°C Lowery and Tate 1986 The LC5

and LCS for juvenile spot in a one hour exposure at

28 C and 69 ppt salinity are 06 and 05 mgL DO

respectively the 2hour LC5 and LC for juvenile

menhaden under the same conditions are 10 and 07

mgL Burton et al 1980 Juvenile white perch

7



experience 40 mortality
in 19 hours at 0510 mgL

Dorfman and Westman 1970

Although adult oysters appear to be tolerant to some

degree of anoxia many species
associated with oyster

bars are more sensitive to low DO concentrations

Naked goby larvae exposed to s015 035 and035086mgL DO for 1 2 and 24 hours respectivelysuffered100 mortality Saksena and Joseph 1972 All

new recruits s17 mm TL juveniles
and adult naked

gobies survived exposure to 075095 mgL at 25°C

for 7 hours however there was 100 mortality

among new recruits exposed to 035060 mgL Do

Breitburg 1992a The median tolerance limit oxygen

concentration at which 50 of the larvae would be

expected to die after 24 hours for naked goby

striped blenny and skilletfish are 130 250 and072123mgL DO Saksena and Joseph 1972 The96hour
LC5 for adult mud crabs Eurypanopeus

depressus another memberof the oyster
barcommunity

is 06 mgL DO Stickle 1991

Other common benthic and planktonic species are

also sensitive to DO concentrations below 10 mgL
The 6hour LCD for adult Baltic isopods at 10°C is 02

mgL Theede e
t al 1969 Theede 1973 the LCo for

ampeliscid amphipods in a 96hour exposure is <05

mgL DO Miller and Poucher 1991 Sand shrimp

have a 96hour LC of 15 mgL Do at 20°C and 31

ppt salinity preliminary data Miller and Poucher

1991 The copepod Acartia tonsa has a 24hour LC50

of 08 mgL Do Houde 1991 while the LC50 for sea

nettles and ctenophores in a 96 hour exposure are 07

and 10 mgL Do respectively Houde 1991

In addition to direct lethal effects exposure to DO

concentrations <10 mgL can adversely affect the

growth and behavior of organisms Bmitburg 1992a

found that male naked gobies abandoned the nest or

shelter at Do concentrations of 01506 mgL and

that embryo development time was significantly

slowed by repeated exposure to low DO

concentrations Appendix A

Although Do as low as 10 mgL is never desirable

brief excursions down to 1 mgL in some deep areas

of the Bay should not have severe adverse effects on

populations of either target species or benthos Even

an hypoxiasensitive species adult alewife can

endure a 5minute exposure to DO of 05 mgL if

escape to an area of higher DO concentration is

available Dorfman and Westman 1970

B The following target
concentration applies to all waters

o
f

Chesapeake Bay and its tidal tributaries at all times12hourmaximum duration

o
f Do between 1© and 30 mgL

48hour minimum return frequency o
f Do s30 mgL and

a10 mgL
Bay anchovy eggs hatch in 1824 hours and hatching

success declines significantly
below 30 mgL DO

Chesney and H©ude 1989 Houde and Zastrow

1991 suggested that DO <30 mgL limits the

viability and productivity
of bay anchovy in

Chesapeake Bay

There was no mortality of adult blue crabs in 7day

exposures at about 30 mgL and less than 20

mortality in a 25day exposure
at 2123°C deFur e

t

a 1990 The blue crab is often considered an

hypoxiatolerant
species however long term exposures

to

mild hypoxia at high temperatures may be lethal

Stickle et al 1989 tolerance is very temperature

dependent Carpenter and Cargo 1957 Crabs died

in pots at w30°C and 25 mgL Do Carpenter and

Cargo 1957

Several target species experienced
deleterious effects

in exposures to less than approximately 30 mgL
eg growth

of yellow perch juveniles is reduced at

20°C and Do <20 mgL but is

not affected at DO

>35 mgL Carlson e
t al 1980 Dissolved oxygen

<30 mgL caused mortality
in striped

bass juveniles

Krouse 1968 Chittenden 1972 and stress in adult

striped
bass Chittenden 1972 Coutant 1985 Juvenile

blueback herring and adult alewife exposed to 2030

mgL Do for 16 hours experienced 33 mortality

Dorfman and Westman 1970

Adult white perch avoided waters with DO <35

saturation 32 mgL over a temperature range of

821°C and salinity range of 25125 ppt Meldrim e
t

al 1974 However there is

evidence that juvenile

blueback herring are unable to detect and avoid

waters with low DO concentrations Dorfman and

Westman 1970 Dissolved oxygen
concentrations <30

mgL blocked migrations of juvenile
and adult

American shad Miller et al 1982

Recent research has established 96hour LCD values

between 10 and 30 mgL Do for several species

found throughout the Bay Appendix A For

example the 96hour LC0 for juvenile
and adult sand

shrimp at 20°C and 31 ppt salinity is 15 mgL

preliminary data Miller and Poucher 1991 the96hour
LC5o values for larval and juvenile or adult

grass shrimp Palaemonetes pugio are 19 and 16

mgL no Stickle 1991 Winter flounder eggs larvae



and juveniles have 96hour LC values of 19 15
and 14 mgL Do respectively Miller and Poucher

1991

All
target species appear to tolerate DO of 30 mgL

for short periods of time Figure 111 Appendix A
The recommended return frequency in combination

with the protection provided under the 10 mgL
instantaneous

target concentration will permit ample

periods of time for hatching of anchovy eggs

probably will protect blue crabs trapped in pots for

periods of up to a few days and will prevent

frequent recurrences of stressful conditions for other

target species However recent data indicate that

excursions between 10 and 30 mgL DO for up to 12

hours may not be fully protective of every Bay

species The time to 50 mortality of larval
grass

shrimp P vulgaris exposed to 14 and 16 mgL Do

was 29 and 216 hours respectively preliminary data

Miller and Poucher 1992

C The following target concentration applies to all

abovepycnoclinewaters

o
f

Chesapeake Bay and its tidal

tributaries 50 rngL Do monthly average

This concentration appears to be protective of all

target species Optimum DO for hard clam burrowing

rates was somewhat higher than 50 mgL Savage

1976 Growth rates of hard clams were greatly

reduced below 42 mgL Morrison 1971 Do <50

mgL was considered stressful for this
species

Hamwi 19681969 Roegner and Mann 1991

One study cited found a 50 mortality of juvenile

blue crabs in a 28day exposure to 565 mgL Do at

30°C Stickle e
t at 1989 However longtermexposumto a temperature of 30 C or above is uncommon

in Chesapeake Bay At lower temperatures 2123°C
there was some mortality of adult crabs in 2325 day

exposures to DO of about 3 mgL deFur et al 1990

Dissolved oxygen a50 mgL is a requirement for

several species of anadromous fish Bogdanov et al

1967 Miller e
t at 1982 ASMFC 1987 Jones et al 1988

Piavis 1991 Miller et at 1982 considered Do
concentrations <50 mgL sublethal to juvenile and

adult American shad while Piavis 1991 concluded

that a Do of 5 mgL was the lowest averageconcentration
that sustains normal development and activity

for yellow perch Jones et al 1988 listed 50 mgL
as the minimumDo concentration required for all life

stages
of American and hickory shad striped bass

white perch and yellow perch the minimumrequired

for eggs larvae subadults and adults of alewife and

blueback herring and the probable minimum for

adult menhaden and the egg larval and juvenile life

stages of spot

Field observations suggest that juvenile spot prefer

DO >4050 mgL Ogren and Brusher 1977

Rothschild 1990 and adult spot are most abundant

where DO is >40 mgL Markle 1976 Chao and

Musick 1977 Rothschild 1990 Dissolved oxygen

concentrations of 4050 mgL appear to be a

minimum for juvenile and adult American shad

Burdick 1954 Jessop 1975 whereas other

anadromous species prefer higher concentrations

White perch and
striped

bass concentrate in areas of

at least 60 mgL DO Rothschild 1990 and adult

blueback herring were never captured at sampling

stations where DO was <60 mgL Christie et al

1981

In general the 50 mgL monthly mean target

concentration in combination with
targetconcentrationsA and B should

protect all species except the

anadromous fish see D below against severe long

term stress and the monthly mean presumably

would represent substantial periods with DO above

50 mgL Dissolved oxygen <60 mgL may cause

avoidance or minor sublethal stress in a few species

and may combine with very high water temperatures

z30°C to cause more severe stress or mortality

D This target DO concentration applies to anadrornous

fish spawning and nursery areas Figure III1 in the

abovepycnocline waters

o
f

Chesapeake Bay and its tidal

tributaries at all times 50 rigL DO
This

target DO concentration was selected to protect

the early life
stages

of striped bass white perch

alewife blueback herring American shad hickory

shad and yellow perch This concentration of DO will

allow eggs to hatch normally Bradford et al 1968

OMalley and Boone 1972 Marcy and Jacobson 1976

Harrell and Bayless 1981 Jones et at 1988 as well

as allow survival and growth of larval and juvenile

stages
of all anadromous target species Tagatz 1961

Bogdanov e
t al 1967 Krouse 1968 Bowker 1969

Chittenden 1969 1972 1973 Meldrim et al 1974

Rogers e
t al 1980 Miller et al 1982 Coutant 1985

ASMFC 1987 Jones et al 1988 For exampleconcentrations
of DO below 5 mgL for any duration will

not support normal hatching of striped bass eggs

OMalley and Boone 1972 Although one hatchery

operation was able to maintain striped bassfingerlingsat Do concentrations of 34 mgL Churchill

9



juveniles
of yellow perch white perch striped bass

alewife blueback herring American shad and

hickory shad Figure 114 Several authors have

indicated that DO a50 mgL is a suitable or

recommended level for early life stages
of the

anadromous species Bogdanov et al 1967 Krouse

1968Miller e
t al 1982 ASMFC 1987 Jones et at 1988

Piavis 1991 Juvenile
anadromous species are no

more tolerant of low DO than eggs or larvae Jones e
t

at 1988 listed 50 mgL as the minimum DO

concentration required for all life stages including

juveniles
and adults of American and hickory shad

striped
bass white perch and yellow perch Miller et

al 1982 consider DO concentrations <50 mgL
sublethal to juvenile

and adult American shad A Do

concentration of 50 mgL is also the minimumrequiredfor eggs larvae subadults and adults of

alewife and blueback herring Jones et at 1988

Because the juvenile
anadrontous species use the

lower estuarine reaches of the spawning rivers as

nursery areas and they are present throughout the

year the 50 mgL target
concentration applies

to the

entire above pycnocline tidal area of the spawning

rivers Figure 1114 over all seasons

Figure 1111 Habitat distribution of anadromous fish spawning

reaches spawning rivers and nursery areas in Chesapeake Bay

09 combined for striped bass white perch alewife blueback

herring American shad hickory shad and yellow perch Source

Funderburk et at 1991

1985 Loos 1991 Bowker e
t aL 1969 found DO >36

mgL required for survival of juveniles

This target concentration appears to be a critical value

for providing acceptable protection
for anadromous

fish Dissolved oxygen concentrations above 5 mgL

are within the suitable range for eggs larvae and

Some field observations have indicated that juveniles

and adults of anadromous species prefer
Do of a60

mgL Hawkins 1979 Christie et at 1981 Rothschild

1190 However no lethal or sublethal effects other

than possible
avoidance have been documented for

DO concentrations between 50 and 60 mgL

Chesapeake Bay Dissolved Oxygen Restoration Goal

In combination the four target DO concentrations

provide a Do restoration goal for Chesapeake Bay

that reflects the habitat needs of the Bays living

resources Box 2 Applied individually achievement

of the target concentrations would ensure sufficient

habitat quality
for survival 1 mgL and 3 mgL

target
concentrations and continued growth and

reproduction 5 mgL anadromous spawning river

and 5 mgL monthly mean target concentrations

Applied as a single integrated
restoration goal

achievement of all the target
concentrations along

with a provision e to ensure that the target

concentrations are not construed as allowing

degradation
where present

conditions are adequate

will provide for sufficient dissolved oxygen to

support survival growth and reproduction of the

Chesapeake Bays aquatic living resources



CHESAPEAKE BAY DISSOLVED OXYGEN GOAL
FOR RESTORATION OF LIVING RESOURCE HABITATS

BOX 2

GOAL To provide for sufficient dissolved oxygen to support survival growth and

reproduction o
f anadromous estuarine and marine fish and invertebrates in

Chesapeake Bay and its tidal tributaries by achieving to the greatest spatial and

temporal extent possible the following target concentrations

o
f dissolved oxygen

a dissolved oxygen concentrations of at least 10 rngL at all times throughout Chesapeake Bay and

its tidal tributaries including subpycnoline waters

b dissolved oxygen concentrations between 10 and 30 mgL should not occur for longer than 12

hours and the interval between excursions of dissolved oxygen between 10 and 30 mgL should

be at least 48 hours throughout Chesapeake Bay and its tidal tributaries including subpycnocline

waters

c monthly mean dissolved oxygen concentration of at least 50 mgL throughout the

abovepycnodine waters of Chesapeake Bay and its tidal tributaries and

d dissolved oxygen concentrations of at least 50 mgL at all times throughout the above pycnodine

waters of anaddrromous fish spawning reaches spawning rivers and nursery areas of Chesapeake

Bay and its tidal tributaries as defined in Habitat Requrements for Chesapeake Bay Living Resources

2991 Revised Bditian

and

e by maintainingthe existing minimum concentration of dissolved oxygen in areas of Chesapeake

Bay and its tidal tributaries where dissolved oxygen concentrations are above those stated in a
through d

The pycnodline is the portion of the water column where density changes rapidly because of salinity
and temperature differences

See Appendix B for definitions

Spawning reaches spawning rivers and nursery areas are presented in Figure 1111

s

I
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IV APPLICATION OF MONITORING AND MODELING INFORMATION

Introduction

In this section examples of Do dynamics observed in

different Bay habitats are examined in light of the

target DO concentrations An approach is presented

for using data from the Chesapeake Bay Monitoring

Program both to monitor progress toward the

restoration goal and to evaluate improvements in Do

which are projected by the Chesapeake Baytimevariablewater quality
model

Dissolved Oxygen Variability in the Environment

Recent studies have produced relatively longterm

semicontinuous 5 to 30minute sampling interval

records of bottom Do concentrations in a variety
of

Chesapeake Bay environments Data from three sites

representative
of major Bay subsystems are shown in

Figure IV1 The JulyAugust period covered by these

records is when Do deficiency is greatest and

maximum stress to living resources typically occurs

These data demonstrate the large but typical

variations in DO to which organismsare exposed over

short time periods hours to days These data also

show the variability in the duration and frequency of

exposure to low DO within and among sites

Dissolved oxygen
data from an 18meter deep water

habitat in the stratified and strongly tidal lower

reaches of the York River estuary are shown in Figure

IVla data courtesy of R Diaz Virginia Institute of

Marine Science Dissolved oxygen concentrations at

this site are summarized below Table IV1 This

deployment was below the pycnocline so the 5mg JL

monthly mean and anadromous fish targetconcentrationsof the goal do not apply the latterconcentrationsare shown in Tables IV1 and IV2 only to

illustrate the habitat conditions at these sites

Table IV1 Distribution of Do concentrations during July and

August 1989

in

the Lower York River 18 m

July mean 30 mgL

August mean 17 mgL

<5 mgL 98 of the time

<3 mgL 74 of the time

<1 mgL 14 of the time

15 events <3mgL z12 hours

2 events <3mgL lasted for 67 days

70 events where DO <3mgL returned within 48 hrs

0

UN89 02u1

1

0

08AU6t7

1
0

0

2

14JUL 25JUL

19AUW

0 1706

31AUG17

t

27JU1188 08JUL88 20JUL88 31JULU 12AUG88 23AUG68 045EP88

0

Figure IV1 Semicontinuous dissolved oxygen measurements at

three sites in Chesapeake Bay Upper line
is

the saturation

concentration of dissolved oxysten bottom line

is

observed

dissolved oxygen v 1 and 3 mgL reference lines

a York River sensor depth 18 m July 1 to August 31 1989 Diaz

at at in press

b Mainstem near Choptank River mouth sensor depth 13 m
August 12 to September 9 1987 Sanford at af 1990

c St Leonard Creek sensor depth 34 m July 1 to August 31

1988 Maryland Department of the Environment

Dissolved oxygen was monitored semicontinuously

during the summer at a depth of 13 m near the

mouth of the Choptank River Figure IV1b data

courtesy of L Sanford University of Maryland This

location is representative
of bottom habitats near the

29AUG 095EP89

11SEP81
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Table fV2 Distribution of DO concentrations in August and

September 1987 off the mouth of the Choptank River 13 m

28day mean 47 mgL

<5 mgL 41 of the time

<3 mgL 22 of the time

<1 mgL slightly
<1 of the time

3 events <3mgL lasted 12 hours or longer

8 events where DO <3 mgL returned within 48 hrs

plots in Figure IV2 show the range of the m
meats and what

percent
of the measuremen

below a given concentration

100

80

60

40

20

0

2 4 6 8

DISSOLVED OXYGEN IN mg
usual depth of the pycnocline The DO characteristics

are summarized in Table IV2 This deployment was

below the pycnocline for portions of the period of

record

Tributary creeks a few meters deep also canexperiencelow DO conditions during summer Figure
IV1c

shows DO concentrations in waters overlying a

natural oyster bar 34 m deep along St Leonard

Creek a tidal tributary of the Patuxent River data

courtesy of R Summers Maryland Dept of theEnvironmentThe DO characteristics at this site aresummarizedin Table IV3

Table IV3 Distribution of Do concentrations in July and August

1988 in

St Leonard Creek 34 m

60

40

20

0

100

80

60

40

20

0

2 4 6 8

DISSOLVED OXYGEN IN mg

1
I

J

2 4 6 8

DISSOLVED OXYGEN IN mg

July mean 32 mgL

August mean 33 mgL

<5 mgL 87 of the time

<3 mgL 46 of the time

<1 mgL 9 of the time

15 events <3mgL lasted a12 hours

64 events where DO <3mgL returned within 48 hrs

Cumulative frequency in this case cumulative

percentage distributions constructed from all DO

observations at a site are one means of comparing

complex patterns among different locations Although

they are simple and instructive measures ofvariabilitycumulative frequency distributions do not

explicitly take into account the frequency or duration

of exposure to deleterious oxygen concentrations The

Figure N2 Cumulative frequency distributions deve

semicontinuous dissolved oxygen data at the three site

Figure W1
a York River

b Mainstem near Choptank River mouth

c St Leonard Creek

The three semicontinuous Do data sets were

to portray DO characteristics in three differei

peake Bay habitats One important quc

whether these
patterns

of variation are char

of similarhabitats in other parts of the Bay

do similar habitats have similarDo signatr

is the pattern at a location generally similarf

to year under similar climatic conditions

deviations from the patterns observed so fa

expected but additional work in this area

way and planned for the future by severa

ating programs

14



The Chesapeake Bay Monitoring Program and the

TimeVariable Model

Semicontinuous Do data are valuable to ourknowledgeof
physical processes for calibration and

interpretation of low frequency monitoring data and

in translating habitat requirements into realistic

management goals But these high frequency data sets

are costly to acquire and not yet
available from

enough sites or time periods either for Baywide

assessment of present conditions or for measuring

progress
toward the DO restoration goal Therefore

the primary source of Do data for these assessments

is the Chesapeake Bay Monitoring Program which

began in 1984

Dissolved oxygen is one of a suite of water quality

parameters measured at the network of stations

throughout the Bay The water quality monitoring

stations and the Chesapeake Bay Programsegmentationscheme are shown in Figure IV3 Depth profiles

of Do are collected at each station twice a month from

spring through summer and once a month in fall and

winter

Another means of evaluating Do conditions is the

Chesapeake Bay timevariable water quality model

This computer model was developed to forecast the

effects of particular nutrient load reduction scenarios

on water quality eg the effect of nutrient load

reductions on DO concentrations For purposes of the

model the Bay is divided spatially into several

thousand threedimensional blocks or cellsTemporallythe mathematical modelling process
makes

water quality projections
for each cell at time steps

of a few hours However for evaluatingmodelprojectedwater quality responses each nutrient

reduction scenario provides an estimate of the

average seasonal DO concentration for each cell

Shorter time intervals eg monthly daily may be

available in the future For calibration and reporting

purposes the cells are averaged into nine segments

along the planar surface axis of the Bay and into

three vertical depth layers Figure IV4 The depth

layers are defined relative to the pycnocline the

region in the water column where separation occurs

between the more buoyant fresher surface waters

and denser saltierbottom waters see Appendix B for

further discussion of the pycnocline

The Do restoration goal specifies limits on durations

and frequency of reoccurrence of Do below the target

concentrations monitoring data and modelprojectionsdo not have sufficient temporal resolution to

Figure IV3 Chesapeake Bay mainstem and tributary water quality

monitoring stations D with the Chesapeake Bay Program

segmentation scheme shown lines Mainstem segments are

labeled

evaluate conformance with these limits Therefore

relationships must be defined among 1 the Do

restoration goal target concentrations 2 the realtime

semicontinuous Do measurements 3 thetwicemonthlyBay Monitoring Program data and 4 the

seasonal means projected by the timevariable model

15



Figure N4 Grid for the Chesapeake Bay timevariable model

Only surlace model cells are shown Dark lines and numbers refer

to model segments

Bay Monitoring and Semicontinuous DataComparisons
As a first step Do data collected through the

Monitoring Program were compared withsemicontinuousDo data The Choptank River data setillustrated
in Figure IV1b is one of five such data records

that were collected simultaneously at separate
sites

along a crossBay transect in the middle region of the

mainstem Bay Figure IV5 Dissolved oxygen was

monitored at approximately 6 13 and 19 m at three

locations and at both 6 and 9 m at a fourth location

These sites were in the vicinity
of monitoring stations

in Chesapeake Bay Program segment CB4 FigureIV5which were visited on two monitoring cruises

during the fourweek deployment of the continuous

recorders

Figure N5 Location of semicontinuous dissolved oxygen sent

0 and selected twicemonthly bay program monitoring slat

9 in segment C84 enlargement Depth of sensor rec

discussed in text is indicated

Dissolved oxygen profiles
from the Monitor

Program stations in CM were plotted together v

the means ranges
and standard deviations of

semicontinuous Do data Figure IV6 Because

deployed oxygen sensors made 412 measurernt

per hour 24 hours a day over many days they v

more likely to encounter and record ephem

extreme conditions As expected therefore

minimum and maximum values of the semicor

uous data are outside the ranges of the Monito

Program data The other summary statistics of

Bay Monitoring Program and semicontinuous c

however are generally comparable with the ex

tion of the 13m depth Figure IV6 and Table P

16
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Figure IV6 Comparison of Monitoring Program and semicontinuous dissolved oxygen data The observed dissolved oxygen
values from

mainstem monitoring program stations in segment CB4 are overlain with plots o
f the mean range and standard deviation of values recorded

during the same period by semicontinuous dissolved oxygen monitoring devices in C64 at the depths shown

At the 13m depth all the statistics are higher in the

semicontinuous data than in the twicemonthlyMonitoring
program data The statistics are higher even

than those of the semicontinuous data from the

shallower 9rn western shore site The difference is

probably best explained by the bottom geometry
of

the 13m location A shallow sill lies at the mouth of

the Choptank River inhibiting
intrusion of

belowpycnoclinewaters from the mainstem under typical

energy conditions Sanford et al 1990 note that tidal

markers identified in the other buoy data records

were not seen in the 13m data record

The sernicontinuous and Monitoring ProgramDo data

also can be compared by means of cumulative

frequency distributions Figure IV7 Cumulative

frequency plots are particularly
useful in showing the

extent to which minimum levels of DO may or may

not be underestimated by the lower samplingfrequencyof the Monitoring Program

In these comparisons the data collected at depths

above and below the region
of the pycnocline

show

close agreement in the percentage
of observations at

the lower end of the distribution where the stressful

DO values lie For example at 6 m Figure IV7ab

the percentage of observations less than or equal to

I mgL was less than 1 and the percentage
less

than or equal to 3 mgL was less than 5 in both

the Monitoring Program and semicontinuous data

sets At 19 in 98 of the no observations were less

than or equal to 16 mgL in both the Monitoring

Program and semicontinuous data sets and 100 and

99 respectively
were less than or equal to 3 mgL

Figure IV7e

Whether all Chesapeake Bay mainstem and tributary

segments are equally well represented by the number

and location of Monitoring Program stations is not

completely known However based on the example

above and additional monitoring and research
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Table PV4 Comparisonof semicontinuous Cand Monitoring Program M dissolved oxygen data The time period for semicontinuous

data was August 13 through September 6 1987 Monitoring Program cruise dates were August 16 and September 2 1987 N =

number of observations

N Mean

C M C M

100

80

60

40

2010

100

80

160

40

20

0

o100
80

60

40

20

0

Depth m
6
1

62

2270 47 65 63

2443 47 67 63

2443 39 38 42

2422 30 46 17

2435 17 05 08

Std Dev Minimum Maximum

C M C M C M

09 15 05 20 99 86

11 15 19 20 98 86

21 15 00 14 81 83

17 14 04 01 81 63

05 05 00 01 44 16

Choptank River 12min intervals Choptank River mouth 5min intervals

z West side of main Bay 5min intervals
° Midchannel main Bay 15min intervals

92

133

19`

0 2 4 6 8

DISSOLVED OXYGEN rn9U

10

Figure N7 Cumulative frequency distributions of semicontinuous

dissolved oxygen data and twice monthly Monitoring Program

data for locations in

Figure IV5

a 6 meters west side d 13 meters

b 6 meters Choptank e 19 meters

c 9 meters

evidence eg Sanford and Boicourt 1990a 1990

was assumed that the distribution of the Monitc

Program data represent
the range

and ce

tendency of realtime DO conditions and that

distributions of the twicemonthly monitoring

can be applied in evaluating both the Bays cu

status and progress
toward the DO restoration g

A Method for Evaluating Progress Toward

Restoration Goal

The Do data from the Monitoring Program

examined to develop simple methods for evalu

different regions
of the Bay with respect

to th

restoration goals target
concentrations Method

also could be applied or adapted to evaluating

variable model output were most desirable Be

model results are seasonal mean concentration

seasonal mean DO was chosen as the variab

interest The relationships
of the seasonal mean

minimum DO concentrations 2 the standard d

tion of DO measurements and 3 the percenta

observations above or below the restoration
1

target
concentrations were explored as po°

measures of status and progress

The relationship between the seasonal mean ar

percentage
of monitoring measurements above

concentrations proved to be strong and vt

applicable
in regions

of the Bay where DO obi

tions ranged above and below the restoratior

target
concentrations For example Figure IV8

the relationship for the 1 mgL 3 mgL

monthly mean of 5 mgL target
concentratic

segment CB4 The 5 mgL instantaneous

concentration for anadromous fish spawninl

nursery habitats does not apply in this segmej
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In Figure IV8 the percentage of observations above

the
target concentration is plotted versus the seasonal

mean The seasonal mean DO concentration projected

by the timevariable model for each cell is related in

part to whether the cell is above in or below the

pycnocline Similarly in the
analysis of the

MonitoringProgramdata the seasonal mean Doconcentrationand the number of measurements above each

target concentration were calculated separately for

each depth layer in each segment The points in the

plot approximate a curve which in some segments

approaches a straight
line Equations describing the

curves for each target concentration were obtained for

each segment by regression analysis usingarcsinetransformeddata The equations and plots for all

mainstem Chesapeake Bay Program and timevariable

model segments as well as the details of this

analysis are given in Appendix B

The seasonal mean concentration which will achieve

the goal can be derived from the
regressionequations

Conversely given the mean Do concentration

for a season in a particular segment the percentage
of observations that will meet the

targets can be

estimated Table IV5 shows the seasonal mean Do

Table V5 Seasonal mean ro concentrations mgL required in

Chesapeake Bay Program segment CB4 to achieve the indicated

percentage of observations meeting or exceeding the specified

target concentration The 5 mgL instantaneous target

concentration for anadromous fish spawning and nursery habitats

is not applicable to this segment

Percent of

observations
Target concentration

a target I mgL 3 mgL2 5 mgt

20
PP

5 rngL MONTHLY MEAN

2 4 6 8 10 12 14

SEASONAL MEAN

Figure IV8 Examples of the empirical relationship between
observed annual seasonal spring and summer only mean
dissolved oxygen concentration mgL and the percent of those

observations above the restoration target concentrations for

Chesapeake Bay Program segment CB4 for the years 1984

through 1990 Spring includes the months of March April and

May summer includes June through September Letter symbols
indicate depth layer of the data from which the seasonal mean and

percent of observations were calculated A = above
pycnocline P

region of the pycnocline and B = below pycnocline

a 1 mgL at any time

b 3 mgL without duration or return constraints

c 5 mgL monthly average

100 91 112 172

99 67 84 91

90 45 61 74
80 36 51 64
70 29 44 57
60 24 38 51

50 19 33 45

40 14 28 40
30 10 23 35
20 05 18 29
10 00 13 22

1

instantaneous

2
instantaneous target concentration permits

Do x1 mgL and e3 mgL for <12 hours

monthly mean
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concentrations required to achieve 10 20 30 90

99 and 100 of the goal in example segment CB4

The unreasonably large increase in mean DO required

to go from 99 to 100 attainment is notable in this

example and is similarly large for other segments as

well The 100 level requires Do concentrations

exceeding typical
saturation levels in summer The

asymptotic nature of this relationship dictates that for

physical reasons the target concentrations cannot be

achieved 100 of the time For this reason and

because of both variability and statistical uncertainty

in the analysis a somewhat lower percentage should

be deemed successful in achieving the restoratioi

goal and providing living resources with maximun

protection
from harmful effects of low DO condition

Knowing the seasonal mean Do concentration for a

area in the Bay therefore permits a good estimate c

what proportion of actual DO observations are likel

to meet or fail to meet each of the target concentr

tions For example there was good agreemer

between actual and predicted percent achievement i

example segment C134 Table IV6 In regions
whei

the range
of DO values in the Monitoring Prograi

Table IV 6 Summer mean Do concentrations above the pycnocline layerA in

the region of the pycnocline layer P and below the pycnoc

layer B in Chesapeake Bay Program segment C1341984 through 1990 comparing observed and predicted percentages of observations a

target concentrations The 5 mgIL instantaneous target concentration for anadromous fish spawning and nursery habitats is not appficabk

this segment the 5 mgL monthly mean target concentration is not applicable below the pycnocline

OBSERVgD PERCENTAGE PREDICTED PERCENTAGE

Observed Target Concentration Target Concentration

Year Layer Mean 1 mgL 3 mgL2 5 mgL3 1 mgL 3mgL2 5 mgL3

1984 A 65 996 976 889 987 927 812

P 26 604 434 646 354B07 183 98 243 311985
A 65 1000 981 925 987 928 813

P 29 831 444 706 425

B 08 340 09 270 43

1986 A 66 995 975 956 989 933 822

P 29 736 401 694 411

B 09 317 24 280 49

1987 A 69 1000 995 971 992 947 853

P 32 842 478 744 475

B 06 207 10 218 21

1988 A 68 999 991 961 992 944 846

P 36 816 561 797 549

B 04 121 14 175 08

1989 A 68 996 962 928 991 943 844

P 29 672 416 694 411

B 09 246 72 274 48

1990 A 68 1000 987 952 991 943 844

P 35 801 508 787 534

B 07 281 24 241 30

instantaneous

Instantaneous target concentration permits Do s 1 mgL and s 3 mgIL for 12 hours

monthly mean
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data is narrow and Do has always been above the

target concentrations as is the case in some shallow

areas of the mainstem Bay the lower mainstem Bay
segments and in the transition and tidal fresh regions

of most tributaries such a relationship cannot be

established In these cases the
goal states that Do

conditions may not become worse eg seasonal

mean DO should not go below the lowest seasonal

mean recorded in the segment which had nomeasurementsbelow target levels

Timevariable Model Scenarios and Progress
Toward the Restoration Goal

The Chesapeake Bay timevariable water quality

model has a major role inreevaluating the Baywide
Nutrient Reduction Strategy The model is being used

to test specific subbasin scenarios for the effect of

nutrient load reductions in the surrounding Bay
tributary watersheds on Do and other water quality

parameters Chesapeake Bay Program managers will

compare these modelsimulated DO concentrations

and their spatial distributions with existing Itoconditionsand with the Do restoration goal

What
might improvement took like

Earlier Chesapeake Bay steadystate water quality

models
projected that reducing basinwide inputs of

nitrogen and phosphorus from
point and nonpoint

sources would improve summeraveraged DO levels

in the mainstem Bay Improvements of this nature are

not expected to significantly change the frequency or

pattern
of DO fluctuations which are largely dictated

by physical factors However the entire distribution

of water column DO concentrations is expected to rise

and the amplitude of fluctuations in concentration is

expected to decrease

A hypothetical result of nutrient load reductions

might be to increase seasonal mean DO by 15 mgL
How this increase might be expressed in a selected

living resource habitat is illustrated in Figure IV9a
an adaptation of one of the semicontinuous records

presented earlier Raising each of the DO observations

in this time series by 15 mgL with the constraint

that the new value not exceed the saturation

concentration unless the original measurement did
has the effect of

shifting the cumulative frequency
distribution to the right and reducing the number and

duration of low Do occurrences Figure IV9b The
fourweek mean is increased from 47 to 61 mgL
episodes below 10 mgL are eliminated and the

longest period of exposure to DO <30 mgL is about

nine hours Therefore an overall increase in DO of 15

mgL results in full achievement of the DO

1
4

0

O8AUG87 19AUG81 31AUG87 I ISEP87

Figure IV9a Observed dissolved oxygen concentration at

Choptank River mouth see Figure IV1 b and hypothetical

concentrations representing a 15 mgL overall increase

in

dissolved oxygen I and 3 mg11 reference lines

2 4 6

DISSOLVED OXYGEN mlL
B

Figure IV9b Cumulative frequency distributions of the observed

and hypothetical dissolved oxygen data in Figure IV9a

showing the reduced occurrence of values at the low end of the

distribution

restoration goal at this site Two Gulf Coast estuaries

one significantly more impacted by anthropogenic
effects than the other have shown an analogous

pattern where with DO variability of the same order

of magnitude the overall DO levels were higher in the

less impaired waterbody Summers 1992

As discussed earlier the most reliable model

projections for Do are output as seasonal means for

all the model cells in each model segment The model

scenario output can be linked directly to the DO
restoration goal using the same empirical relationship

developed from Monitoring Program data between

seasonal means and the percent of observations

which achieve or fail to achieve the
target

concentrations Equations describing the relationship

have been determined for each
target concentration

for each model segment Appendix B
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Evaluating the Time Variable Model Scenario

Output
The probable percentage

of observations achieving or

exceeding the target
concentrations for a given model

scenario can be calculated from the projected
model

cell mean using the specific equation developed for

the model segment to which the model cell belongs

The minimum seasonal mean Do concentrations
that

will assure achievement of each target
concentration

in each model segment are given in Table IV7

Table IV7 Minimum seasonal mean Dc concentrations mgL

required to achieve the oo restoration goal target concentrations

based upon 99 of observations target concentrations Values

with asterisks are observed seasonal means for segments

where no observations were below the target concentration The 5

mgL instantaneous target concentration for anadromous fish

spawning
and nursery habitats applies only to model segments 1

and 2

Target concentration

Modelent I mgL 3 mgL2 5 mgL 5 mgL

1
51 68 85 80

2 66 85 94 92

3 66 83 92

4 64 82 W 89

5 60 74 88

6 40 64 74

7 52 52 64

8 57 61 66

g
45 62 70

1 instantaneous

2 instantaneous target
concentration permits DC z1 mgL

and s3 mgL for <12 hours so the instantaneous values

are overestimates

3 instantaneous applies only above the pycnocline

in anadromous fish spawning
and nursery habitats

monthly mean applies only above the pycnocline

The 3 mgL goal component permits excursions

below target
concentration for periods up to 12 h a

condition suggesting
seasonal means somewhat lower

than those shown in Table IV7 The seasonal means

in Table IV7 are those that should assure DO

concentrations above 3 mgL at all times Theseasonal
mean required

to meet the duration and frequency

components
of this target

concentration cannot be

determined from the analysis
of twicemonthly

Monitoring Program data Analysis of the

semicontinuous
data however suggests that there is a

relationshipbetween seasonal mean Do and the duration

as well as the frequency
of low DO in particular

habitats Appendix B At present however there are

too few semicontinuous data sets from a wide

enough variety
of habitats to firmly establish such a

relationship

I
t is

evident from Table IV7 that there is a

controlling target
concentration for a given layer

of

the mainstem Bay segments ie a seasonal mean that

once achieved ensures achievement of all the relevant

target
concentrations In waters above the pycnocline

the controlling target
concentration is 5 mgL in

segments
where the anadromous fish spawning

and

nursery habitat target applies and the 5 mgL

monthly mean elsewhere Below the pycnocline
the

I mgL target
concentration is

assumed to becontrollingbecause we are not able to fully
evaluate the

duration and frequency components of the 3 rngL

target
concentration at this time Table IV8 shows the

seasonal means and controlling target
concentrations

required
in each model segment to achieve the Do

restoration goal

Table 1VB Minimum seasonal mean DO concentration mgL

required to achieve the oo restoration goal based upon 99 of

observations a target concentrations Values with asterisks are

observed seasonal means for segments where few or no

n

t
i o

observations were below the target concentra

Model segment
Below pycnocline Above pycnocline

51 85

66 94

66 92

64 89

60 88

40 74

52 64

57 66

45 70

Measuring Progress
and Differentiating

Between

Scenario Results

The restoration goal is to provide
sufficient Bo by

achieving to the greatest spatial
and temporal extent

possible
the goals target

concentrations Forevaluating
progress

toward the goal
and discriminating

between the benefits of different nutrient load

reduction scenarios the percent
achievement method

described above provides
a relative measure of

improvement But a simpler means of comparing the

scenarios is desirable one which can simply depict

both magnitude of difference and the geography
of

difference baywide Because physical processes
can

inhibit full achievement of the goal and because of

uncertainties in the analysis an interpretive
scheme
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to evaluate
goal achievement and habitat

suitability

was adopted

Habitat is defined as suitable when the percentage
achievement is 90 or greater marginal if it is

between 50 and 90 and unsuitable if it achieves

the target less than 50 of the time Suitable or

acceptable habitat provides satisfactory conditions for

survival growth and reproduction of living resources

although not
necessarily fully supportive of living

resources Do requirements Marginal habitat

provides increased
opportunities for benthic

colonization and forage feeding Unsuitable habitat

is inhospitable to all but the most tolerant of living

resources

For each scenario individual model cells areevaluated
directly and grouped within these

specific

ranges The cells are aggregated and expressed as

volumes of water orareas of bottom habitat that meet

or exceed the Do
target concentrations Modelsegmentscan then be mapped to show where and how

much improvement or degradation is projected by
each scenario

Similarly model cells and segments within the

projected achievement category can be associated

with and reported for particular existing or potential

living resource habitats The model output from the

various scenarios can then be judged in terms of the

specific gain or loss of critical
living resource habitats

Conclusion

The habitat requirements of
representative

Chesapeake Bay living resources have been

synthesized to construct a Do restoration goalintended
to assure the protection of most of the Bays living

resources A method has been developed for using

Chesapeake Bay Monitoring Program data to evaluate

current and modelsimulated future conditions of the

Bay with respect to the DO restoration goal With

these methods Bay Program managers can assess and

map progress toward achievement of this goal in

Chesapeake Bay on a local regional orbaywide basis

As a result of this analysis Do concentrations

projected by the model for proposed nutrient load

reduction scenarios can be compared directly to the

Do restoration goal

23



LITERATURE CITED

Abbe GR 1983 Blue crab Callinectes sapidus

Rathbun populations in Mid Chesapeake Bay in the

vicinity of the Calvert Cliffs Nuclear Power Plant

19681981 J of Shellfish Res 3183193

ASMFC Atlantic States Marine Fisheries

Commission Interstate fisheries management plan

for the striped
bass of the Atlantic coast from Maine

to North Carolina Revised Resource Document and

Management Plan Framework Prepared by Versar

Inc Columbia Maryland 21045

Batiuk R R Orth K Moore J Capelli W Dennison

JC Stevenson L Stayer V Carter N Rybicki RE
Hickman S Kollar S Bieber P Bergstrom and P

Heasley 1992 Chesapeake Bay Submerged Aquatic

Vegetation Habitat Requirements and Restoration

Targets A Technical Synthesis US Environmental

Protection Agency Chesapeake Bay Program Report

Annapolis Maryland

Bejda A J BA Phelan and AL Studholme 1992

The effect of dissolved oxygen on the growth of

youngoftheyear winter flounder Pseudopleuronectes

americanus Environmental Biology of Fishes34321328
Bogdanov AS SI Dorschev and AF Korpevich

1967 Experimental transfer of Salmo gairdneri

Richardson and Roccus saxatilis Walbaum from the

USA for acclimatization in waters of USSR Vorposy

Ikhtiologii Akademiya Raak SSSR 7185187

Bowker RG DJ Baumgartner JA Hutcheson RH
Ray and TC Wellborn Jr 1969 Striped bass Morone

saxatilis Walbaum 1968
report

on the development

of essential requirements for production

Washington DC US Fish and Wildl Serv Publ

112 p

Bradford AD JG Miller and K Buss 1968Bioassayson eggs and larval stages of American shad

Alosa sapidissima In Suitability of the Susquehanna

River for Restoration of Shad US Dept IntMarylandBd Nat Res New York Cons Dept and

Pennsylvania Fish Comm p 5260

Breitburg DL 1992a Episodic hypoxia in the

Chesapeake Bay interacting effects of recruitment

behavior and physical disturbance Ecol Monogn

62525546

Breitburg DL 1992b Personal communication The

Academy of Natural Sciences of Philadelphia

Benedict Estuarine Research Laboratory Benedict

Maryland

Burdick GE 1954 An analysis
of factors including

pollution having possible influences on the

abundance of shad in the Hudson River New York

Fish Game Jour 1189205

Burton DT LB Richardson and CJ Moore 1980

Effect of oxygen reduction rate and constant low

dissolved oxygen concentrations on two estuarine

fish Trans Am Fish Soc 109552557

CBP 1992 Chesapeake Bay Progam 3D Model Base

Case Scenario Documentation March 1992

CEC Chesapeake Executive Council 1988a Baywide
Nutrient Reduction

Strategy Chesapeake Bay

Agreement Commitment Report Annapolis

Maryland

CEC Chesapeake Executive Council 1988b Habitat

Requirements for Chesapeake Bay Living Resources

Chesapeake Bay Agreement Commitment Report

Annapolis Maryland

Carlson AR J Blocher and LJ Herman 1980

Growth and survival of channel catfish and yellow

perch exposed to lowered constant and diurnally

fluctuating dissolved oxygen concentrations Prog
FishCult 427378

Carpenter JH and DG Cargo 1957 Oxygen

requirement and
mortality

of the blue crab in the

Chesapeake Bay Ches Bay Inst Tech Rep 13

Cech JJ Jr SJ Mitchell TE Wragg 1984

Comparative growth of
juvenile

white sturgeon and

striped bass effects of temperature and hypoxia
Estuaries 71218

Cheek TE MJ Van Den Avyle and CC Coutant

1985 Influences of water quality on distribution of

striped bass in a Tennessee River impoundment
Trans Am Fish Soc 1146776

Chao LN and JA Musick 1977 We
history

feeding habits and functional morphology of juvenile

sciaenid fishes in the York River estuary Virginia

Fish Bull 75657702

25



Chesney EJ and ED Houde 1989 Laboratory

studies on the effect of hypoxic waters on the

survival of eggs and yolksac larvae of the bay

anchovy Anchoa mitchilli In ED Houde EJ

Chesney TA Newberger AV Vazquez CE

Zastrow LG Morin HR Harvey and JW Gooch

Population Biology of Bay Anchovy inMidChesapeakeBay Center for Environmental and

Estuarine Studies Chesapeake Biological Laboratory

Final Rept to Maryland Sea Grant Ref No

UMCEESCBL 89141 p 184191

Chittenden ME Jr 1969 Life history
and ecology

of the American shad Alosa sapidissima

in the Delaware River PhD thesis Rutgers Univ

New Brunswick New Jersey

Chittenden ME Jr 1972 Effects of handling and

salinity on oxygen requirements of the striped
bass

Morone saxatilisJ Fish Res Bd Canada 2818231830

Chittenden ME

J
r 1973 Effects of handling on

oxygen requirements of American shad Alosa

sapidissima J Fish Res Board Can 30105110

Christie RW PT Walker AG Eversole and TA

Curtis 1981 Distribution of spawning blueback

herring on the West Branch of Cooper River and the

Santee River South Carolina Proc Ann Conf SE

Assoc Fish Wildl Agencies 35632640

Churchill PA 1985 Potomac Electric Power

Company 1985 Striped Bass Aquaculture Project

Environmental Affairs Group Potomac Electric Power

Company Washington DC

Collip 1921 Cited in AF Holland AT

Shaughnessy LC Scott VA Dikens J Gerritsen and

JA Ranasinghe 1989 Longterm Benthic Monitoring

and Assessment Program for the Maryland Portion

of Chesapeake Bay Interpretive Report Maryland

Department of Natural Resources Tidewater

Administration CBRMLTBIEST892

Coutant CC 1985 Striped bass temperature and

dissolved oxygen A speculative hypothesis for

environmental risk Trans Am Fish Soc 1143161

Davis JR and RP Cheek 1966 Distribution food

habits and growth of young clupeids Cape Fear

River system North Carolina Proc 20th Ann Conf

SE Assoc Game Fish Comm 20250260

deFur PL CP Mangum and JE Reese 1990

Respiratory responses of the blue crab Callinectes

sapidus to longterm hypoxia Biol Bull 1784654

Diaz RJ RJ Neubauer LC Schaffner L Diehl and

SP Baden in press Continuous monitoring of

dissolved oxygen
in an estuary experiencing periodic

hypoxia and the effects of hypoxia on macrobenthos

and fish Science and the Total Environment

Dorfman D and J Westman 1970 Responses
of

some anadromous fishes to varied oxygen

concentrations and increased temperatures
Water

Res Inst OWRR Res Proj B012NJ Final Rep

Rutgers Univ 75 p

Dries RR and H Theede 1974

SaverstoffmangelsresistenzMariner Bodenevertebraten aus der

Westlichen Ostee Mar Biol 25327333

Forbes TL and GR Lopez 1990 The effect of food

concentration body size and environmental oxygen

tension on the growth of the depositfeeding

polychaete Capitella species 1 Limnol Oceanogr

3515351544

Funderburk SL SJ Jordan JA Mihursky and DR

Riley eds 1991 Habitat Requirements
for

Chesapeake Bay Living Resources 1991 Revised

Edition Living Resources Subcommittee Chesapeake

Bay Program Annapolis Maryland

Hagerman L and A Szaniawska 1986 Behavior

tolerance and anaerobic metabolism under hypoxia

in brackishwater shrimp Crangon crangon Mar Ecol

Prog Ser 34125132

Hamwi A 1968 Pumping rate of Mercenaria

mercenaria as a function of salinity
and temperature

Proc Natl Shellf Ass 584 abstract

Hamwi A 1969 oxygen consumption and pumping

rate of Mercenaria mercenaria PhD dissertation

Rutgers University New Brunswick New Jersey 185

P

Harrell RM and JD Bayless 1981 Effects of

suboptimal dissolved oxygen
concentrations on

developing striped
bass embryos South Carolina

Wildl and Mar Res Dept Bonneau 15 p

26



Hawkins JN 1979 Anadromous fisheries research

program Neuse River North Carolina Dept Nat

Res Comm Develop Div Mar Fish Morehead

city

Hoff JG ME Chittenden Jr and JR Westman
16 Oxygen requirements of some marine and
anadromous fishes with

particular reference to

problem of measurement Proc Industrial Waste
Conf 508125140

Holland AF AT Shaughnessy LC Scott VA
Dikens J Gerritsen and JA Ranasinghe 1989LongtermBenthic Monitoring and Assessment Program for

the Maryland Portion of Chesapeake Bay Interpretive

Report Maryland Department of Natural Resources
Tidewater Administration CBRMLTBEST892

Houde ED 1991 Personal communication

Chesapeake Biological Laboratory Solomons
Maryland

Houde ED EJ Chesney TA Newberger AV
Vazquez CE Zastrow LG Morin HR Harvey and
JW Gooch 1989 Population biology of bay anchovy
in midChesapeake Bay Center for Environmental

and Estuarine Studies Chesapeake Biological

Laboratory Final Rept to Maryland Sea Grant Ref
No UMCEESCBL 89141 211

pHoude
ED and CE Zastrow 1991 Bay anchovy In

SL Funderburk SJ Jordan JA Mihursky and DR
Riley eds Habitat Requirements for Chesapeake

Bay Living Resources 1991 Revised Edition Living
Resources Subcommittee Annapolis Maryland p 81
to 814

Jessop BM 1975 A review of the American shad

Alosa sapidissima stocks of the St John River New
Brunswick with particular references to the adverse

effects of
hydroelectric development Can Fish Mar

Serv Resour Dev Branch Marit Reg Tech Rep Ser

Mar T 756123

Jones PW HJ Speir NH Butowski R OReilly L
Gillingham and E Smoller 1988 Chesapeake Bay
fisheries status trends priorities and data needs

Maryland Dept Nat Resour Annapolis MD and

Virginia Mar Resour Comm Richmond VA 226 p

Kennedy VS 1991 Eastern oyster In SL
Funderburk SJ Jordan TA Mihursky and DR Riley

eds Habitat Requirements for Chesapeake Bay
Living Resources 1991 Revised Edition Living
Resources Subcommittee Annapolis Maryland p 31
to 320

Krouse JS 1968 Effects of dissolved oxygen
temperature and

salinity on survival of young striped

bass Roccus saxatilis Walbaum thesis Univ of

Maine Orono

Loos J 1991 Personal communication Potomac
Electric Power Company Washington DC

Lowery TA and LG Tate 1986 Effect of hypoxia
on hemolymph lactate and behavior of the blue crab
Callinectes

sapidus Rathbun in the
laboratory and field

Comp Biochem Physiol 85A689692

Lund EJ 1957 Cited in AF Holland AT
Shaughnessy LC Scott VA Dikens J Gerritsen and
JA Ranasinghe 1989 Longterm Benthic Monitoring
and Assessment Program for the Maryland Portion

of Chesapeake Bay Interpretive Report Maryland
Department of Natural Resources Tidewater

Administration CBRMLTBEST 892

Mackiernan GB ed 1987 Dissolved Oxygen
Processes in the Chesapeake Bay Processes and

Effects Proceedings of a seminar on hypoxic and
related processes in Chesapeake Bay Maryland Sea

Grant Publ UMSGTS8703 College Park
Maryland

Marcy BC Jr and P Jacobson 1976 Early life

history studies of American shad in the lower

Connecticut River and the effects of the Connecticut
Yankee plant Amer Fish Soc Monogr 1141168

Markle DF 1976 The
seasonality of

availability and
movements of fishes in the channel of the York River

Virginia Chesapeake Sci 175055

McCarthy RM 1969 The carbohydrate metabolism
of the clam Mya arenaria under aerobic and
anaerobic conditions PhD dissertation Georgetown
Univ Washington DC 93 p

Meldrim JW JJ Gift and BR Petrosky 1974 The
effects of temperature and chemical

pollutants on the

behavior of several estuarine organisms
Ichthyological Assoc Inc Bull No 11 Middletown
Delaware 129 p

27



Miller D and S Poucher 1991 Personal

communication US Environmental Protection

Agency
Environmental

Research Laboratory

Narragansett
Rhode Island

Miller D and S Poucher 1992 Personal

communication US Environmental
Protection

Agency
Environmental

Research Laboratory

Narragansett
Rhode island

Miller JP FR Griffiths and PA ThurstonRogers

1982 The American shad Alosa sapidissima
in the

Delaware River basin US Fish Wildl Serv

Rosemont New Jersey

Morrison G 1971 Dissolved oxygen requirements
for

embryonic
and larval development of the

Canada
clam Mercenaria mercenaria j Fish

28379381

Moss SA WC Leggett
and WA Boyd 1976

Recurrent mass mortalities
of the blueback herring

Alosa aestivalis in the lower Connecticut River Amer

Fish Soc Monogr 1227234

Ogren LH and HH Brusher 1977 The distribution

and abundance of fishes caught with a trawl in the

Florida Northeast
St Andrew Bay

Gulf S
St

183105

OMalley M and J Boone 1972 Oxygen
vital to

normal hatching
Wildlife News 3 2

FFish and

bass

Maryland

Petit GD 1973 Effects of dissolved oxygen on

survival
and behavior of selected fishes of western

Lake Erie Ohio Bio Sur Bull 4 80 p

Piavis PG 1991 Yellow perch In SL Funderburk

Jordan JA Mihursky and DR Riley eds

Habitat Requirements
for Chesapeake Bay Living

Resources 1991 Revised Edition

Subcommittee Annapolis p 411 to
1415

Richardson LB SL Margrey
and DT Burton 1975

The

ty

effects

of Atlantic
menhadenyA ossoc Southeastern

mortality

Biol Bull 222

Roegner GC and R Mann 1991 Hard clam In SL

Fundetburk SJJordan JA Mihursky and DR Riley

eds Habitat Requirements
for Chesapeake Bay

Living
Resources 1991 Revised Edition Living

Resources Subcommittee Annapolis Maryland p 51

to 517

Rogers BA DT Westin and SB Saila 1980

Development of techniques
and methodology for the

laboratory
culture of striped

bass Morone saxatilis

Walbaum Cincinnati Ohio Report
for US

Environmental
Protection Agency

National

Environmental Research Center 263 p

Rothschild BJ 1990 Final Report Development of

a sampling expert system
FISHMAP Maryland

Dept Natural Resources and US Fish and Wildlife

Service project
No F17189008 Univ of

CEE
ChesapeakeUMCEES CBL 90090

CEES R

Biological
Lab Solomons 609 p

Saksena VP and EB Joseph 1972 Dissolved oxygen

requirements
of newlyhatched larvae

o
f he striped

blenny Chasmodes bosquianus

Gobiosonw bosci and the skilletfish GobiesoxstrumosusChes Sci 1312328

Sanford LP and WC Boicourt 1990a Windforced

salt intrusions
into a tributary estuary J Geophys

Res 951335713371

Sanford LP and WC Boicourt 1990b Summertime

interaction
between the Chesapeake Bay and the

Choptank River estuary
19861987 Maryland

Department
of Natural Resources Chesapeake Bay

Research and Monitoring Division ReportCBRMHI903
Sanford LP KG Sellner and DL Breitburg 1990

Covariability of dissolved oxygen
with physical

processes
in summertime Chesapeake Bay J Mar Res

483567590

Savage NB 1976 Burrowing activity
in

MerC a

mercenaria L and Spisula
solidissirna D yn

function of temperature
and dissolved oxygen Mar

Behav Physiol 3221234

Schottler U 1979 On the anaerobic metabolism o

the three species
of Nereis Annelida Mar Ecol Prog

Ser 1249254

Shumway SE 1982 Oxygen consumption in oyster

an overview Mar Biol Lett 3123

Shumway and Scott 1983 Cited in AF Hollanc

AT Shaughnessy
LC Scott VA Dikens

Gerritsen
and JA Ranasinghe

1989 Longten

Benthic Monitoring and Assessment Program for t
l

Maryland Portion of Chesapeake Bay lnterpreti

Report Maryland Department
of Natural Resourct

Tidewater Administration
CBRMLTBEST892



APPENDIX A

EFFECTS OF LOW DISSOLVED OXYGEN

ON CHESAPEAKE BAY TARGET SPECIES

Tabulated from chapters
in

Habitat Requirements for Chesapeake Bay Living Resources 1991 Revised Edition

and other sources
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APPENDIX B
TECHNICAL ADDENDUM

BI Definition of Pycnocline

B2 Technical
Description of Data Reduction and Analysis of Semicontinuous and Chesapeake Bay ProgramCBP Monitoring Data

B3 Plots of Percent Above
Target versus Seasonal Mean DO

a for mainstem model segments

b for mainstem CBP segments

B4 Coefficients and Res of Regression Equation for
calculating Percent Achievement

a for mainstem model segments

b for mainstem CBP segments

B5 Minimum Seasonal Mean Dissolved Oxygen Concentration required to Achieve the DO Restoration Goala for mainstem model segments

b controlling concentrations for mainstem model segments
c for mainstem CBP segments

d controlling concentrations for mainstem CBP segments

B6
Steps for

Determining Water
Quality Status Relative to the Dissolved Oxygen

Restoration Goal

a Calculating Percentage Achievement From TimeVariable Model outputb Calculating Percentage Achievement From Monitoring Program Data

51



B1 Definition of pycnocline

In a partially mixed estuary like Chesapeake Bay

water density is typically heterogeneous from surface

to bottom with fresher less dense water from the

tributaries overlying saltier denser water from the

ocean Temperature also has an effect on density

Other things being equal warm water is less dense

than cool water Under certain physical and climatic

conditions the water column can become stratified

into two or more layers of distinctly differentdensityThe region of the water column where the density

discontinuity occurs is called the pycnocline

Certain components of the dissolved oxygenrestoration
goal are applied only abovepycnocline

c monthly mean dissolved oxygen

concentration of at least 50 mgL
throughout the abovepycnocline

waters of Chesapeake Bay and its

tidal tributaries and

than 127 m CBP 1992 The middle portion 67 tc

127 is the region of the pycnocline For purposes of

evaluating model output relative to the DOrestoration
goal the abovepycnocline region is

defined b
the upper boundary of the pycnocline and include

model cells in layers 1 through 4 The belowpycno

cline region includes model cells in layers 5 througi

14

Chesapeake Bay Monitoring Program Data

When using Monitoring Program data if the dis

solved oxygen measurement is made at a time an

place where at least one pycnocline exists then the

actual depth of the uppermost pycnocline marks the

boundary between aboveand belowpycnoclin

waters Where no pycnocline exists the boundary i

arbitrarily set at 67 m to be consistent with th

model

d dissolved oxygen concentration of

at least 50 mgL at all times

throughout the abovepycnocline

waters of anadromous fish spawning

reaches spawning rivers andnurseryareas of Chesapeake Bay and its

tidal tributaries

For the purpose of evaluating timevariable model

output or Monitoring Program data with
respect

to

these components the regions of the water column

relative to the pycnocline are defined as follows

Chesapeake Bay TimeVariable Model Output

In the model the water column is divided into three

density regions 0 to 67 m 67 to 127 m and greater

The current Chesapeake Bay Monitoring Progran

shipboard protocol for determining the pycnocline

using specific conductivity as the substitute measur

of density is as follows

A computed threshold value iscalculatedfrom two times the mean

change in conductivity per meter

between the surface and bottom A

pycnocline exists if the threshold

value is greater than 500

micromhoscm
per meter The upper andlowerboundaries of the pycnocline are

the first depth interval from the

surface and the first from the bottom

with a change in
conductivity

that

exceeds the threshold value
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B2 Data Reduction and Analysis

Background

The Do restoration goal specifies target
DO

concentrations some of which are applicable
over

the entire water column and some which are

applicable only abovepycnocline The goal also

specifies
the duration and frequency of reoccurrence

of Do below
target concentrations Monitoring data

and model
projections do not have sufficient

temporal resolution to evaluate conformance to these

limits Therefore relationships had to be defined

among the DO target concentrations the realtime

semicontinuous dissolved oxygen fields thetwicemonthly
Chesapeake Bay Monitoring Program data

and the seasonal means projected by thetimevariablemodel

Using Semicontinuous Data to Characterize

Dissolved Oxygen in the Environment

Insitu recording devices allow the collection ofcloseinterval
semicontinuous DO measurements at a

single point over relatively long periods

Semicontinuous data from a number of sources were

used to provide examples of realtime variability in

Do in several different estuarine environments Data

demonstrating summer conditions in the York River

provided by Dr Robert Diaz Virginia Institute of

Marine Sciences were collected at 20minute

intervals from June 21 to October 15 1989 A subset

of the complete record was used in the timeseries

plot Figure IV1a covering July and August only

Data from the mainstem Bay near the mouth of the

Choptank River provided by Dr Lawrence Sanford

University of Maryland were collected at 5minute

intervals from August 12 to September 9 1987 The

entire period was used in the timeseries plot

characterizing the general environment FigureIV1bData from St Leonard Creek provided by Dr

Robert Summers Maryland Dept of the

Environment were collected between April 29 and

October 7 1988 Measurements were taken at30minute
intervals The data used in the timeseries

plot Figure IV1c were from July and August 1988

only

Comparing Semicontinuous and Monitoring

Program Data

In the Chesapeake Bay Monitoring Program DO

measurements are made vertically and horizontally

at many points in the mainstem Bay During the

summer when sampling is most frequent

measurements are made twice a month To evaluate

the applicability of Monitoring Program Do data in

assessing status and
progress

with respect to the DO

restoration goal the multilocation low frequency

Monitoring Program data were compared with

singlelocation high frequency semicontinuous data

The semicontinuous monitoring site near the mouth

of the Choptank River mentioned above was one of

four sites in the middle
region

of the Bay that were

monitored simultaneously over the fourweek period

At each location a sensor was fixed approximately

1 meter off the bottom Dissolved oxygen was

measured at three sites at 6 13 and 19 m
respectively At the fourth site one sensor measured

Do near the bottom at 9 m and one near middepth

at 6 m These sites were in the vicinity of several

monitoring stations in Chesapeake Bay Program

segment CB4 Figure IV5 which were visited on

two monitoring cruises during the deployment of the

sensors Estimates of dissolved oxygen concentration

are commonly made for a station or segment by

averaging the values of the two cruises within a

calendar month and
reported as monthly averages

Because of
slight differences in the dates and times

of deployment the data from each of the sensors

were equalized by using only data collected from

August 13 through September 6 1987 exactly 25

days The time interval between measurements also

differed among sensors three sensors measured at

intervals of 5 minutes one at 12 minutes and one at

15 minutes To adjust for this difference only every

third measurement in the 5 minuteinterval records

was included and in the 12 minuteinterval record

every 5th measurement was dropped The 15minuteinterval
record was not adjusted
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The Monitoring Program stations were sampled 15

days apart within the period of the sensor

deployment on August 1718 and on September 12
1987 The length of time between the two cruises was

typical for the summer sampling schedule The

Monitoring Program stations included in the

comparison were the stations in segment C134

stations CB33C CB33E CB33W which are indeed

in segment CB4 CB41C CB41E CB41W CB42C

CB42E CB42W CB43C CB43E CB43W and

CB44

To display the data from the two sources together

Figure IV6 all DO profile data at all thirteen

stations on both cruise dates were pooled and

plotted as depth versus concentration The mean

standard deviation minimum and maximum of each

of the five adjusted semicontinuous Do data sets

were superimposed on the plot at the appropriate

depth

To compare means and other summary statistics

Table IV4 Do data from between 5 and 7 in at the

thirteen Monitoring Program stations were pooled

for comparison with the 6m semicontinuous data

data between 8 and 10 in were compared with the9msemicontinuous data data between 12 and 14 m

were compared with the 13m semicontinuous data

and data between 18 and 20 m were compared with

the 19m semicontinuous data The data were

rounded to the nearest 01 mgL

Cumulative percent distributions of thesedepthspecific
groups Figures IV7abcde were obtained

by adapting the SAS PROC FREQ procedure This

SAS computer programming function provides the

percentage of observations at each value for any

variable in a dataset

Using Monitoring Program Data To Determine a

Relationship Between Seasonal Mean DO and the

Percent of Observations Above Goal

An analysis of the Monitoring Program data was

performed to determine the relationship between

seasonal mean Do and the percentage of observations

and by extension the percentage of time above

target concentrations The analysis was performed on

dissolved oxygen data collected between June 1984

through September 1990 in the Chesapeake Bay

Monitoring Program Samples are routinely collected

at a Baywide network of stations twice a month in

spring and summer once a month in fall and winter

Described simplistically the sampling protocol for

profiling dissolved oxygen at Monitoring Program

stations is to measure Do at the surface and atonemeter
intervals to the bottom Water temperature

salinity
and conductivity are also measured

concurrently This protocol however has been

executed slightly differently between data collection

institutions and over time For example if Do doesnt

change with depth measurements may not be

recorded until a depth is reached where a change in

DO is detected Also early
in the Monitoring

Program some institutions made measurements at

twom depth intervals others at 1ire Another

problem although much rarer is the inequality

caused by missing stations or cruises or blocks of

missing data due to faulty
instruments

To equalize station profiles missing values were

estimated where possible For each station profile

sample depths greater
than 05 m were rounded to

the nearest meter Infrequently this resulted in more

than one measurement per depth In that case the

average concentration was used at that depth For

any meter interval missing a value in this skeleton

DO profile DO concentration was linearly

interpolated from adjacent values above and below

the depth of the missing value

Prior to rounding the depths to whole meters each

depth was assigned a layer code to indicate whether

it was above A in the region of P or below B
the pycnocline The presence or absence of a

pycnocline was checked and if one or more existed

the depth of the upper pycnocline was used Depths

between the surface and the pycnocline were

assigned to the Alayer depths below the actual

pycnocline down to 127 m were assigned to thePlayerand depths below 127 meters were assigned to
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the Blayer I
f a pycnocline was absent the

pycnocline was arbitrarily set at 67 m The Alayer

was then 067 m the Player was 68 m to 127 and

the Blayer was any depth greater
than 127 m At

those stations whose total depth was near a

boundary depth ie stations about 78 or 1314 m

deep the few observations falling
in the lower layer

were assigned to the layer above The data were then

grouped by layer

An alternative choice to grouping within depth layer

would have been to determine the relationship by

calculating
the seasonal mean no and the percentage

of observations above
target

for each sampling point

in the Monitoring Program then pooling these But

because the maximum number of observations at any

point was so small 2 cruisesmonth x 4 months = 8

observations the percentage of observations above

or below a target
concentration would only be eight

possible
values and very sensitive to missing values

Therefore it was decided to group
data within depth

layers

Because water quality
varies in different areas of the

Bay it was expected that the relationship between

seasonal mean Do and the percentage of observations

above goal would also vary over the Bay and thus

the relationship should be described separately
for

each area The data were therefore grouped spatially

according to two different schemes one appropriate

to the spatial
scheme of the timevariable model and

the other conforming to the
spatial aggregation units

or segments usually used in analyzing or

evaluating Monitoring Program data

The CBP segmentation scheme divides the Bay and

its tributaries into 45 separate areas Figure IV3

Segments CB1 through CB8 and segment EE3 are the

areas which most closely correspond to the areas of

the main Bay addressed in the current timevariable

model The modelers use a different segmentation

scheme for aggregating
model output they also have

nine segments segments 1 through 9 but with

somewhat different internal boundaries Figure IV4

To determine the relationship for these areas then

each Monitoring Program data point was assigned its

appropriate CBP and model segment designation

then grouped by segment either CBP ormodeldefined
segment and by depth layer above below

or in the region
of the pycnocline within segment

The data were then further grouped within season

within year The four seasons were defined as

follows winter included January and February

spring March through May summer June through

September and fall October through December I
f

more than one cruise was missing within a season

the data from that layerseasonyearsegment were

dropped from the analysis Because segment CBI

contains only one station approximately 6 in deep

segments CBI and CB2 were combined for the

analysis indicated as segment CBI2 in the plots

To reduce the effect of supersaturated DO conditions

often caused by undesirable excess phytoplankton

DO measurements that were above the saturation

concentration were set down to the saturation

concentration Saturation concentration was

calculated for each DO data point using the

concurrent temperature and salinity measurements

collected with each sample

The seasonal mean was then calculated for each

valid layerseasonyearsegment group as was the

percentage of all observations within the group
that

were above the DO target concentrations I mgL 3

mgL 5 mgL monthly mean of 5 mgL In the fall

and winter seasons dissolved oxygen was almost

always above
target concentrations and as expected

a strong relationship between seasonal mean and the

percentage of observations above or below target

was not evident Fall and winter seasons were

therefore dropped from the analysis Plots of the

percentages as a function of spring and summer

mean DO concentrations were made for each

segment foreach target concentration Appendix B3

Regression analysis was used to obtain the equation

that would describe the relationship between the

percentage above target and the seasonal mean DO
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As is commonly done for percentage data an arcsine

transformation of the data was used in the analysis

SAS PROC REG A quadratic model obtained the

best fit where

r = the ratio of the number of

observations above target

concentration to the total number of

observations

and

arcsinesquare root of r =

Aseasonal mean + Bseasonal

mean + C

Because the objective was to describe this

relationship
within the range of seasonal means at

which DO was problematic ie when DO was less

than 100 above target concentrations the data for

conditions supporting 100a achievement were

censored of these 100 percent data points the

lowest seasonal mean in each season spring and

summer each year which had 100 percent
of the

observations above target was included The others

were omitted from the analysis The regression

WORSENING
CONDITION

IMPROVING 4D

CONDITION

coefficients for timevariable model and CBP

segments are given in Appendix Tables B4a and

b respectively

Using Semicontinuous Data to ExploreRelationshipsBetween Seasonal Mean DO and Duration of

Low DO Events

An important component of the DO Restoration Goal

is the allowable duration of excursions below 3

mgL Excursions between I and 3 mgL must be

under twelve hours and the interval between such

excursions should be at least 48 hours The

semicontinuous data records provide empirical

observations on the frequency and duration of low

DO events in particular habitats For example Figure

B2 shows the number and duration of events where

DO fell below 3 mgL at St Leonard Creek

Improving conditions should lead to a reduction in

the number and duration of these events We have

not yet sufficiently analyzed the return frequency

component of this target
concentration Further work

on measuring status and
progress

toward this goal

component is planned as additional semicontinuous

data from various habitats and water quality

conditions become available

EVENT DURATION HOURS

Figure B2 Number of events where DO fell below 3 mgL at St Leonard Creek July and August 1988
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33a Figures B3al through B3a9 present plots of the percent of
Monitoring Program observations above target

DO concentration percent above target versus annual seasonal mean D© concentration seasonal mean by
mainstem model segments for the years 1984 through 1990 Observations are grouped by segment depth layer
season spring and summer and year Letter symbols indicate depth layer of the data from which the seasonal
mean and percent of observations were calculated A=above pycnocline P=region of the pycnocline and B=below
pycnocline Target DO concentrations are 1 3 and 5 mgL instantaneous and 5 mgL monthly mean The 5 mgL
target applies to anadromous fish spawning and nursery areas and therefore does not apply to model segments3 through 9
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B3 b Figures B3b1 through B3b8 present plots of the percent of
Monitoring Program observations above target

Do concentration percent above target versus annual seasonal mean DO concentration seasonal mean by

mainstem CBP segments for the years 1984 through 1990 Observations are grouped by segment depth layer

season spring and summer and year Letter symbols indicate depth layer of the data from which the seasonal

mean and percent of observations were calculated A=above pycnocline P=region of the pycnocline and B=below

pycnocline Target Do concentrations are 1 3 and 5 mgL instantaneous and 5 mgL monthly mean The 5 mgL
target applies to anadromous fish spawning and

nursery areas and therefore does not apply to CBP segments CB4

through CB8 and EE3
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B3b Figures B3b1 through B3b8 present plots of the percent of
Monitoring Program observations above targetDo concentration percent above target versus annual seasonal mean ©a concentration seasonal mean bymainstem CBP segments for the years 1984 through 1990 Observations are grouped by segment depth layerseason spring and summer and year Letter symbols indicate depth layer of the data from which the seasonalmean and percent of observations were calculated A=above pycnocline P=region of the pycnocline and B=below

pycnocline Target DO concentrations are 1 3 and 5 mgL instantaneous and 5 mgL monthly mean The 5 mgL
target applies to anadromous fish spawning and nursery areas and therefore does not

apply to CBP segments CB4
through CBB and EE3
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B4a Regression coefficients and Rsquare values for the equation predicting the aresinesquare root of the ratio

of the number of observations above the indicated target concentration to the total number of observations as a

function of seasonal mean DO within each mainstem model segment The equation used in the regression analysis

is

aresinesgrtratio = Aseasonal mean2 + Bseasonal mean + C

A 1 mgL target concentrationModelSegment A B C RSquare100336 04670 00322 08854

2 00156 02797 03024 09519

3 00143 02661 03366 09324

4 00150 02613 04114 09070

5 00148 02520 04954 08820

6 00023 00037 14497 03518

7 00000 00000 15708

8 00000 00000 15708

9 00085 01086 18650 01262B
3 mgL target concentrationModelSegment A B C RSquare100250 04360 03392 07041

2 00130 02819 00128 09477

3 00130 02904 00473 09563

4 00155 03153 00718 09428

5 00146 03121 00451 09442

6 00251 04082 01103 07821

7 00000 00000 15708

8 00495 07801 14466 05729

9 00444 07090 12260 08601C
5 mgL monthly mean concentrationModelSegment A B C RSquare100299 05746 12151 07266

2 00068 02420 01802 09700

3 00070 02436 01779 09564

4 00091 02791 02892 09322

5 00187 04147 07257 09104

6 00524 09096 23889 09720

7 01111 17381 51132 08182

8 01220 19405 60291 07472

9 00678 11203 30530 09071D
5 mgL target concentration for anadromous fish

spawning and nursery areasModelSegment A B C RSquare100221 04572 08170 08128

2 00040 02012 00690 0972576



B4b Regression coefficients and Rsquare values for the equation predicting the aresinesquare root of the ratio

of the number of observations above the indicated target concentration to the total number of observations as a

function of seasonal mean DO within each mainstem CBP segment The equation used in the regression analysis

is

aresinesgrtratio = Aseasonal mean + Bseasonai mean + C

A 1 mgL target concentrationCBPSegment A B C RSquareCB100267 04185 00032 04958

CB2 00267 04185 00032 04958

CB3 00164 02864 03216 09425

CB4 00148 02682 03367 09418

CB5 00136 02463 04455 09255

CB6 00054 00237 14398 01915

CB7 00088 01093 18599 01056

CB8 00000 00000 15708

EE3 00000 00000 15708B
3 mgL target concentrationCBPSegment A B C RSquareCB100267 04185 00032 04958

CB2 00267 04185 00032 04958

CB3 00124 02797 00179 09443

CB4 00126 02831 00131 09596

C65 00150 03068 00280 09284

CB6 00527 07459 10806 08094

CB7 00362 05790 07240 08795

CB8 00460 07254 12357 05625

EE3 00567 08950 19027 07004C
5 mgL monthly mean concentrationCBPSegment A B C RSquareCBI00419 07127 14039 05003

C62 00419 07127 14039 05003

CB3 00056 02367 02001 09646

CB4 00072 02490 01964 09622

CB5 00142 03432 04664 09137

CB6 00357 06865 16835 08888

CB7 00591 10013 26720 09506

CB8 01075 17198 52148 07551

EE3 00813 13241 37892 082340
5 mgL target concentration for anadromous fish

spawning and nursery areasCBPSegment A B C RS uareCB100434 07533 16714 06421

CB2 00434 07533 16714 06421

CB3 00041 02112 01336 0970977



B5a Minimum seasonal mean Do concentration mgL by model segment required to achieve the DO restoration

goal ie 99 of observations will equal or exceed the specified target concentration not applicable

Target Concentration

Model Segment 1 mgLa 3 mgLb 5 mgL° 5 mgLd

1 51 68 85 80

2 66 85 94 92

3 66 83 92

4 64 82 89

5 60 74 88

6 40 64 74

7 52E 52 64

8 57E 61 66

9 45E 62 70

Applied at all times to all depths
b
Applied at all times to all depths The seasonal mean Do concentrations shown do not take into account the

duration and return frequency of excursions between I and 3 mgL allowed under this goal component The

seasonal mean required to attain the formal goal component would be lower than the concentrations shown here

°Applied at all times above the pycnocline in anadromous fish spawning and nursery habitats

Applied above the pycnocline monthly mean
0Dissolved oxygen never or rarely went below the target concentration in this segment The seasonal mean shown

is the lowest seasonal mean recorded in any depth category with 100 of the observations above the target

concentration

B5b Minimum seasonal mean DO concentration mgL by model segment required to achieve the DO restoration

goal ie 99 of observations are above the applicable target concentrations

Model Below Above

Segment Pycnocline Pycnocline

1 51 a 85b

2 66a 94b

3 66a 92`

4 64a 89C

5 67a 88C

6 47ad 74°

7 52°d 64°

8 5rd 66°

9 45ad 7©°

Controlling target concentration is 1 mgL
b
Controlling target concentration is 5 mgL

C
Controlling target concentration is 5 mgL monthly mean

d Dissolved oxygen never or rarely went below the target concentration in this segment The seasonal mee

shown is the lowest seasonal mean recorded in any depth category
with 100 of the observations above the targ

concentration
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B5c Minimum seasonal mean Do concentration mgL by CBP segment required to achieve the as restoration

goal ie 99 of observations will equal or exceed the specified target concentration not applicable

Target Concentration

CBP segment 1 mgLa 3 mgLb 5 mgL° 5 mgLd
CB1 53 53 70 66
CB2 53 53 70 66
CB3 63 81 92 89
CB4 67 84 91
CB5 65 81 90
CB6 338 58 76
CB7 44e 62 72
CB8 56e 60 67
EE3 49a 62 69

Applied at all times to all depths

eApplied at all times to all depths The seasonal mean DO concentrations shown do not take into account the

duration and return frequency of excursions between 1 and 3 mgL allowed under this goal component The
seasonal mean required to attain the goal component as actually defined would be lower than the concentrations

shown here

`Applied at all times above the pycnocline in anadromous fish spawning and nursery habitats

Applied above the pycnocline monthly mean
Dissolved oxygen never or rarely went below the target concentration in this segment The seasonal mean shown

is the lowest seasonal mean recorded in any depth category with 100 of the observations above the target

concentration

BSd Minimum seasonal mean oo concentration mgL b
y CBP segment required to achieve the no restoration

goal ie 99 of observations are above the applicable target concentrations

CBP Segment Below Pycnocllne Above Pycnocline

CB1 538 70b
CB2 53a 7Ob

CB3 638 92b
CB4 678 91
CB5 658 90`

CB6 338d 76`

CB7 4484 72`

CB8 56d 6I
EE3 498d 69`

8
Controlling target concentration is 1 mgL
Controlling target concentration is 5 mgL
Controlling target

concentration is 5 mgL monthly mean
Dissolved oxygen never or rarely went below the target concentration in this segment The seasonal mean shown

is the lowest seasonal mean recorded in any depth category with 100 of the observations above the target
concentration
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B6a Steps for Determining the Status of Water Quality

Relative to the Dissolved Oxygen Restoration Goal

from TimeVariable Model Output

To calculate Percentage Achievement

1 Obtain the estimate of the seasonal mean dissolved

oxygen concentration for the particular
model cell of

interest Model results are seasonal mean DO

concentrations Seasonal mean concentrations are

estimated for each of several thousand model cells

For this application the four seasons are defined as

follows winter includes January and February

spring March through May summer June through

September and fall October through December

Example summer mean no concentration =

55 mgL

2 Identify
the model segment and depth layer

to

which the model cell belongs For purposes
of the

timevariable model the Bay is divided in planar

view into nine segments Segments 19 FigureIV4Model
estimates for each cell are related to the

location of the cell above at or below arbitrary

depth boundaries Surface to 67 m is defined as the

region above the pycnocline 68 m to 127 m is the

region of the pycnocline
and greater

than 127 m is

the region below the pycnodine For this application

model cells above 67 m cell layers
I through 4 are

considered above pycnocline
and model cells below

67 m cell layers 5 through 14 are considered below

pycnocline

Example model segment 2 below pycnocline

3 Identify the controlling goal component relevant to

the model segment and depth layer Table IV7 or

Appendix Table BSb Note that the 3 mgL target

concentration cannot be applied
in this context

Example the 1 mgL target
concentration is

controlling for below pycnocline
cells in model

segment 2 The minimum seasonal mean DO

required for
99a achievement is 66 mgL

4 Compute the value for T in equation a below

a T = Aconc2 + Bconc + C where

T = predicted
aresirte transformation of the square

root of the ratio of the number of observations above

target
concentration to the total number of

observations

cone = the mean dissolved oxygen

concentration for the cell obtained in step 1

above and

A B and C are the regression
coefficients

specific
to the relevant goal component

determined in step 3 above and found in

Appendix Table B4a

Example T = 00156 x 552 + 02797 x 55 +

03024 = 13689

5 Compute the Percentage Achievement percent

above target using equation b below where the

percent
above target

is obtained by back

transforming the result of step 4 ie by taking

sine squaring the result then multiplying by 100

b Percent Achievement = sineT2 x 100

Example Pct = fsine13689f x 100 = 097972

x 100 = 96 rounded to nearest percent
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